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1.0  PROGRESS  AND  PROSPECTS  FOR  TUNGSTEN  BRONZE  MATERIALS 

This  report  covers  work  conducted  during  the  last  four  years  of  DARPA  Contract 
Nos.  N00014-82-C-2446  and  NOOO 14-85-C-2443  for  the  study  of  the  growth  processes  for 
tungsten  bronze  crystals  and  thin  films  and  their  electro-optic,  pyroelectric  and  photo- 
refractive  applications.  A  number  of  the  topics  covered  represent  the  developmeru  and 
extension  of  studies  accomplished  in  our  earlier  contract  "Growth  of  tungsten  bronze  family 
materials  for  electro-optic  and  photorefractive  applications,"  and  has  capitalized  on  the 
momentum  generated  in  this  study. 

Since  the  work  reported  covers  a  rather  wide  range  of  materials  and  device 
applications,  it  has  been  divided,  for  convenience,  into  four  major  sections: 

1.  Tungsten  bronze  family  crystals  and  their  classification, 

2.  Photorefractive  properties  of  tungsten  bronze  crystals  and  their 
applications, 

3.  Electro-optic  and  pyroelectric  applications  of  tungsten  bronze  materials, 

4.  Growth  of  tungsten  bronze  thin  films, 

A  brief  narrative  description  is  given  of  current  and  past  work  to  summarize  the 
progress  in  each  category.  Completed  topics  are  included  as  preprints  and  reprints  of 
papers  published  or  to  be  published. 
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2.0  POTENTIAL  OF  TUNGSTEN  BRONZE  FAMILY 

The  development  of  tungsten  bronze  crystals  and  thin  films  has  reached  the  point 
where  these  materials  have  clear  advantages  in  electro-optic  and  photorefractive  applica¬ 
tions  over  the  presently  available  LiNbO^,  BaTi03  and  KNbO^  materials.  As  our  under¬ 
standing  of  the  factors  controlling  electro-optic  properties,  crystal  quality  and  size  has 
grown,  we  have  increased  the  range  of  applicability  of  the  bronzes  through  such  factors  as 
choice  of  dopants,  control  of  growth  conditions,  and  establishment  of  the  relation  between 
structure  and  electro-optic  characteristics.  Currently,  these  materials  show  exceptional 
promise  in  photorefractive  applications  such  as  phase  conjugation,  laser  hardening  and 
image  processing,  and  in  optical  display  and  electro-optic  applications  such  as  wave-guides, 
modulators  and  spatial  light  modulators  (SLM).  To  realize  this  promise,  it  will  be  necessary 
to  systematically  develop  and  evaluate  members  of  the  tungsten  bronze  family  whose 
properties  have  been  optimized  for  specific  applications.  These  include  the  current  best 
bronzes  (SBN,  BSKNN,  SCNN)  along  with  morphotropic  phase  boundary  bronzes  such  as 
PBN,  PSKNN,  etc.  Because  of  the  diversity  of  electro-optic  properties  available  in  this 
family,  and  the  ability  to  grow  large  size  crystals,  we  anticipate  these  materials  will 
become  a  major  factor  in  future  photorefractive  and  electro-optic  devices,  and  in  some 
cases,  even  pyroelectric  device  applications. 
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3.0  ACCOMPLISHMENTS 


3.1  Tungsten  Bronze  Host  Crystals 

The  tungsten  bronze  compositions  can  be  represented  by  the  general  formulas 
(A j)^(A2)2C^Bjq03q  and  (Ap^(A2)2BjQ03g,  in  which  Ap  A2,  C  and  B  are  15-,  12-,  9-  and 
two  6-fold  coordinated  sites  in  the  crystal  structure.  The  ferroelectric  phases  can  be 
divided  into  two  groups:  those  with  tetragonal  symmetry  (4mm),  which  are  ferroelectric, 
and  those  with  orthorhombic  symmetrty  (mm2),  which  are  both  ferroelectric  and  ferro- 
elastic.  In  the  orthorhombic  structure,  the  polar  axis  can  be  either  along  the  c-axis, 
such  as  in  Sr2.^Caj^NaNb30j5  or  Ba2NaNb50j5,  or  along  the  b-axis,  such  as  in  PbNb20^, 
Pb2KNb30|3.  These  tetragonal  and  orthorhombic  groups  can  be  further  classified  accord¬ 
ing  to  their  longitudinal  transverse  effect  as  summarized  in  Fig.  1.  These  effects  can  be 
obtained  only  in  single  crystals  of  each  type,  as  it  is  very  difficult  to  recognize  these 
differences  in  polycrystalline  materials.  Major  work  has  been  carried  out  in  three  tungsten 
bronze  hosts  (Fig.  2)  which  exemplify  the  three  types  electro-optic  response  available  in 
this  family. 

SBN  Solid  Solution  Crystals  -  The  Srj_j^Baj^Nb20g,  0.25  <  x  <  0.75,  solid  solution 
exists  on  the  SrNb20^-BaNb20g  binary  system  and  it  exhibits  strong  transverse  ferroelec¬ 
tric  and  optical  properties.  This  system  was  originally  studied  at  Bell  Laboratories  where 
the  conclusion  was  that  the  x  =  0.50  (SBN:50)  composition  was  congruently  melting.  How¬ 
ever,  later  work  by  Megumi  et  al  indicated  that  Srg  ^Bag  jjNb20g  (SBN:60)  was  congruently 
melting,  and  they  succeeded  in  growing  optical  quality  crystals.  Our  crystal  growth  work  on 
SBN:75,  SBN:60  and  SBN:50  confirms  Megumi's  results,  and  we  have  been  successful  in 
growing  all  of  these  compositions  in  optical  quality.  Currently,  SBN:60  crystals  are  being 
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mm2  :  Amm  ON  k  *  .  Na  *  RATIO 


BSKNN  TYPE  14mm) 

•  LARGE  LONGITUDINAL  EFFECTS 


SQUARE  OR  OCTOHEDRON  SHAPE  CRYSTALS 
T^>150“C 

MODERATE  POLARIZATION  IP3I 


ADDITION  OF  k  ^  AND  Na  ' 


SCNN  TYPE  ImmZI 

•  LARGE  LONGITUDINAL  AND  TRANSVERSE  EFFECTS 


SBN  TYPE  (4mml 

•  LARGE  TRANSVERSE  EFFECTS 
'33-  '33  ‘*33 

•  CYLINDRICAL  SHAPE  (24  FACETS) 

•  T|.<;150°C 

•  MODERATE  POLARIZATION  IP3I 


'15  “15  '33  °33 

•  CYLINDRICAL  CRYSTALS 

•  Tj,^200  300“C 

•  LARGE  POLARIZATION  IP3I 


(mm2)  AND  (mm2) 
SYMMETRY  OF  END  MEMBER 


MIXING 

OF 


mm2  *  mm2 
OR 

mm2  ♦  4mm 


PbNb20g  TYPE  (mm2l 

•  LARGE  LONGITUDINAL  EFFECTS 
'51  ‘*15-  ‘11 

•  T^>350»C 


(Pb2l<Nb50,5  EXCEPTION) 


MORPHOTROPIC  PHASE  BOUNDARY  MATERIALS 

•  EXCEPTIONALLY  LARGE  EFFECTS 

^33'  ^33'  *33'  ^2  FORM) 

^3  (4mm  FORM } 

•  T^.  150  TO  400='C 

•  EXCEPTIONALLY  LARGE  POLARIZATION  (P3  OR  P2) 


Fig.  1  Classification  of  tungsten  bronze  family  crystals. 

^r447fi4 


LARGE  TRANSVERSE  EFFECTS:  SBN:60 


LARGE  LONGITUDINAL  EFFECTS:  BSKNN-2 


•  F33  =  400  -  1440  *  10  m/V 

•  ^33  =  800-3000 

•  Tc  =56  TO  210°C 

•  3  cm  IN  DIAMETER 

•  24  WELL  DEFINED  FACETS 

•  OPTICAL  QUALITY 


•151  =  500  X  10  ’2  m/V 

•  =  700 

•  Tc  =  170  TO  210°C 

•  1.5  cm  IN  DIAMETER 

•  8-WELL  DEFINED  FACETS 

•  OPTICAL  QUALITY 


■  LARGE  TRANSVERSE  AND  LONGITUDINAL  EFFECTS:  SCNN 

•  '33  =  1300  *  10-12  m/V  rsi  =  1100  x  10-12  m/V 

•  f  33  =  1700  fl  1  =  1700 

•  1*^5  cm  IN  DIAMETER 
•  REASONABLE  CRYSTAL  QUALITY 

Fig.  2  Photorefractive  tungsten  bronze  single  crystals. 
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grown  over  1"  in  diameter  with  oi  without  dopants.  These  crystals  have  found  use  in  appli¬ 
cations  such  as  electro-optic,  pyroelectric  and  millimeter  wave  devices. 

BSKNN  Solid  Solution  Crystals  -  This  solid  solution  is  based  on  the  Sr2NaNb^Ojc 
-  Ba2KNb^Oj^  system,  and  both  the  tetragonal  (4mm)  and  orthorhombic  (mm2)  forms  have 
been  identified.  The  BSKNN  compositions  which  are  K''’-rich  (e.g.,  BSKNN-1  and  BSKNN-2) 
which  are  K^-rich,  are  tetragonal  at  room  temperature  and  have  longitudinal  ferroelectric 
and  optical  properties  similar  to  perovskite  BaTiOj.  The  BSKNN  compositions  that  are 
Na*-rich  (e.g.,  BSKNN-3,  BSKNN-5)  appear  to  be  weakly  orthorhombic  at  room  tempera¬ 
ture.  As  shown  in  Fig.  3,  a  morphotropic  phuse  boundary  region  seems  to  exist  between 
BSKNN-2  and  BSKNN-3,  with  transverse  effects  being  larger  in  BSKNN-3.  In  general,  the 
growth  of  these  crystals  is  more  difficult  than  to  the  growth  of  SBN;  however,  we  have  been 
successful  in  growing  over  1  cm  diameter  BSKNN-2  and  BSKNN-3  crystals. 


Sr2NaNb50i5  12.40  12.42  12.44  12.46  12.48  12.50  Ba2NaNb50i5 

- ►  LATTICE  CONSTANT  a  A  - 


Fig.  3  The  Sr2NaNb50j5-Ba2KNb^0j5  system  (BSKNN). 
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SCNN  Solid  Solution  Crystals  -  Sr2NaNb^O|^  is  orthorhombic  at  room  tempera¬ 
ture,  and  the  addition  of  Ca^*  in  the  form  Sr2_j^CajjNaNb50^5  retains  the  mm2  symmetry. 
The  maximum  solid  solubility  of  Ca^"*^  in  SCNN  is  33  mole%,  since  Ca^'*’  occupies  only  the 
12-fold  coc-dinated  site  in  the  bronze  structure.  The  addition  of  Ba^'*'  in  SCNN  has  also 
been  studied,  and  it  stabilizes  the  growth  conditions  so  that  crystals  as  large  as  1.5  cm 
diameter  can  be  grown.  The  key  feature  of  SCNN  and  BSCNN  crystals  is  that  both  trans¬ 
verse  and  longitudinal  dielectric  and  optical  properties  are  large  and  nearly  equal,  with 

1  2 

Sr^  9CaQ  ^NaNb^O^^  showing  electro-optic  coefficients  r^^  =  1350  x  10  m/V  and  r^j  = 
- 1 2 

1180  X  10  m/V.  Besides  general  photorefractive  applications,  these  crystals  could  have 
an  important  impact  on  three  dimensional  displays. 


Photorefractive  Properties  of  Tungsten  Bronze  Cr 


To  use  tungsten  bronze  crystals  for  photorefractive  applications,  specifically  for 
image  processing,  laser  hardening,  optical  computing  and  phase  conjugation,  the  change  in 
the  refractive  index,  n,  should  be  large  and  should  occur  rapidly.  This  change  is  given  by 


fin  =  -  l/2n^r .  .E  . 


where  r  is  electro-optic  coefficient  and  E  is  the  space-charge  field.  Since  the  electro-optic 
coefficient  is  relatively  constant  for  a  given  crystal  composition,  fin  can  be  enhanced  by 
increasing  the  optically  generated  space-charge  field.  Currently,  this  is  an  active 
area  of  research  in  large  response  electro-optic  materials  such  as  BaTi03,  KNbO^  and 
LiNbO^.  Undoped  crystals,  including  bronzes,  BaTiO^  and  others,  have  sufficiently  high 
sensitivity,  but  only  moderate  response  speeds  of  typically  100  ms  or  higher.  If  these 
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crystals  are  to  be  of  effective  use,  their  response  times  must  be  reduced  to  the  order  of 
1  ms  or  better,  and  coupling  to  20  crn”^  or  higher. 

It  is  now  established  that  doping  crystals  with  an  impurity  that  is  readily  photo- 
ionized  by  incident  radiation  greatly  enhances  the  susceptibility  of  crystals  to  index 
changes.  A  variety  of  different  dopants  have  been  tried  in  SBN,  BSKNN  and  SCNN  single 
crystals,  as  summarized  in  Table  1.  Ce^'^  doping  of  SBN  was  originally  reported  by  Megumi 
et  al.  The  addition  of  Ce^’^  develops  a  distinct  but  wide  absorption  band  around  0.5  um, 
which  differs  markedly  from  the  band-gap  absorption  edge.  The  cerium  ion  is  photoionized 
by  means  of  the  reaction: 

+  hv  +  e"  (conduction) 

Our  ongoing  research  on  Ce^^-doped  SBN  and  BSKNN  crystals  suggests  that  both  Ce^^  and 

lx  ^ 

Ce  valence  states  are  present,  but  this  has  not  yet  been  conclusively  proved.  We  also 
5+  4+ 

suspect  that  since  Nb  reduces  to  Nb  at  elevated  temperatures,  trapping  levels  due  to 

^  ^  3  ^ 

Nb  may  exist  in  the  present  crystals.  Doping  with  Ce  in  the  15-  or  12-fold  coordinated 

Ba^"^  or  Sr^"^  sites  of  SBN  and  BSKNN  produces  pink-colored  crystals  with  spectral  response 

in  the  visible  region.  For  a  0.1  wt%  addition  of  Ce^^,  the  coupling  coefficient  is  raised  to 

45  cm'^  in  SBN  wafers  and  around  20  cm'*  in  crystal  cubes.  This  difference  in  coupling  is 

not  presently  understood.  The  speed  of  response  is  also  significantly  faster,  being  estimated 

to  be  10  -  40  ms  depending  upon  laser  intensity.  These  crystals  have  proven  to  be  effective 

in  phase  conjugate  mirror  work,  and  several  device  concepts  are  emerging;  e.g.,  bird  wing, 

frog  leg,  and  bridge  double-phase  conjugators. 
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Table  1 

Preliminary  Photorefractive  Result  on  Different  Dopants 


Ce^  DOPED  SBN  60 

Cr^  +  DOPED 

SBN  60 

Fe^  DOPED 
SBN  60 

PROPERTY 

12  FOLD 

9  FOLD 

6  FOLD 

6  FOLD 

CRYSTAL  COLOR 

PINK 

GREENISH  YELLOW 

GREENISH  YELLOW 

YELLOW 

QUALITY 

EXCELLENT 

EXCELLENT 

EXCELLENT 

REASONABLE* 

ELECTRO  OPTIC 
COEFFICIENT 

460 

460 

550 

ABO 

X  10“  mV 

BEAM  FANNING 
RESPONSE 

AT  40  mW/cm2 

2  5s 

3  Os 

0  7s 

2  8s 

AT  0  2  WV/cm^ 

0  6s 

1  2s 

- 

AT  2  W/cm^ 

0  05s 

0  09s 

0  008s 

0.07s 

COUPLING 

COEFFICIENT 

-'•19  cm“  ’  (CUBE) 
^45  '  ^  (PLATE! 

6  cm  "  ^ 

'^6-7  cm  ~  ^ 

- 

SPECTRAL 

RESPONSE 

0  4  0  7  mm 

0  4  0  9  mm 

0  6  1 .0  mm 

0.4-0. 9  mm 

SPPCR 

EXCELLENT 

EXCELLENT 

EXPECTED 

EXPECTED 

•striated  at  higher  doping  levels 


Table  2  summarizes  the  self-phase  conjugate  response  time  for  various  photore¬ 
fractive  crystals.  Because  of  such  attractive  features  of  Ce-doped  crystals,  extensive 
efforts  are  being  made  to  exploit  this  dopant  for  various  applications  in  the  visible  region. 
Another  interesting  feature  of  Ce^^-doped  crystals  is  that  when  Ce^*  is  placed  in  the  9-fold 
coordinated  site,  its  spectral  response  shifts  from  the  visible  to  the  near-lR  (0.78  pm)  with 
coupling  as  high  as  6  -  7  cm”*.  These  results  are  similar  to  BaTiOj  studied  under  low  laser 
intensity.  Since  placing  in  a  lower  coordination  extends  the  spectral  response  to 

longer  waveleng/  .  efforts  are  underway  to  place  Ce^^  in  the  6-fold  coordinated  Nb^^ 
sites.  Although  ■  .  is  known  to  occupy  the  6-fold  site  in  perovskites  and  other  crystal 
structures,  the  pi"  ent  of  Ce^^  in  the  bronze  6-fold  coordinated  site  will  require  the 
blocking  of  the  i5-..  12-  and  9-fold  sites. 
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Table  2 

Self -Pumped  Phase  Conjugate  Response  Time  for  Bronze  Crystals 


Response  Time 
(seconds) 

Material 

(3  0.2  W/cm^ 

Wavelength 
@  2  W/crri 

(nm) 

Ce-SBN;75 

32.0 

8.3 

457.9 

Ce-SBN:75 

7.7 

1.6 

442.0 

Ce-SBN:60 

5.8 

1.1 

442.0 

BaTiO325.0 

2.5 

514.5 

Ce-BSKNN-2 

27.9 

8.S 

457.9 

Ce-BSKNN-3 

18.1 

3.8 

457.9 

Cr-SBN:60* 

10.2 

- 

442.0 

Ce-SCNN 

- 

- 

- 

•Results  are  inconclusive. 


In  order  to  extend  the  spectral  response  deeper  into  the  IR  region,  smaller  ions 
such  as  ,  Cr^'^/Cr^'^,  Mn^''’/Mn^'^  and  Rh^'*’  have  been  explored  in  the  6-fold  coor¬ 
dinated  sites.  These  dopants  produce  yellow  to  yellowish-brown  colored  crystals, 

whereas  Cr^'*^-doped  crystals  are  typically  greenish-yellow  in  color.  In  general,  all  of  these 
doped  crystals  can  now  be  produced  in  optical  quality,  although  initially  the  growth  of 
optical  quality  Fe-doped  crystals  was  difficult  due  to  the  presence  of  striations.  Currently, 
the  I  ole  of  iron  alone,  as  well  as  with  other  dopants,  is  being  studied  in  SBN  and  BSKNN  to 
optimize  speed  and  coupling. 

Cr^‘*^-doped  SBN:60  has  been  found  to  have  a  photorefractive  response  speed  5-10 
times  faster  than  Ce^'^^-doped  SBN;60.  However,  the  coupling  coefficient  for  Cr^'*^-doped 
SBN:60  (6-7  cm"b  is  lower  than  in  Ce^^-doped  crystals.  The  effect  of  Cr^'*’  concentration 
on  the  coupling  coefficient  is  being  explored  since  we  suspect  that  higher  concentrations 
should  result  in  improved  coupling. 


9 

C9976TA/ibs 


Rockwell  International 

Science  Center 

SC5441.FTR 

Figure  4  summarizes  the  observed  relationships  between  the  crystallographic  site 
preference  of  a  dopant  and  the  range  of  spectral  response  in  bronze  hosts.  It  is  clear  from 
these  data  that  longer  wavelength  response  is  associated  with  a  lower  coordination  for  the 
dopants,  with  response  out  to  1.0  pm  for  6-fold  coordinated  Cr^"^  in  SBN:60  crystals.  This 
site  dependence  provides  a  flexibility  rarely  seen  in  other  structural  families.  One  can  thus 
use  the  type  of  dopant  and  its  site  preference  to  optimize  photorefractive  properties  in  a 
given  spectral  range  for  either  transverse  or  longitudinal  electro-optic  crystals. 

SC442S6 

TYPES  OF  DOPANTS  SITE  PREFERENCE  SPECTRAL  RESPONSE 

1S  FOLD  COORDINATED  SITE 
Ca3  *  :  PINK  IN  COLOR 

12  FOLD  COORDINATED  SITE 
C«3  ♦  /C«*  ’  ;  PINK  IN  COLOR 

\(3) 

\ 

9  FOLD  COORDINATED  SITE 
Ce3  * :  YELLOWISH  GREEN 

(1) 

6  FOLD  COORDINATED  SITE 
Fe^  *  /Fe^  » ,  Cr^  * .  Mn^  '  /Mn^  - 

ID  Ar  Ne  LASER  YELLOW  TO  GREENISH  YELLOW  IFe.  CrI 

121  DYE  LASER  YELLOWISH  BROWN  IMnI 

(31  NO  RESPONSE 

Fig.  4  Role  of  dopants  for  photorefractive  applications. 

Because  Ce^"*^  and  Cr^'^-doped  bronze  crystals  are  particularly  promising  for 
phase  conjugation,  laser  hardening  and  optical  processing,  the  growth  of  these  crystals  in 
sizes  up  to  5  cm  diameter  is  in  progress.  An  example  is  the  growth  of  Cr^'^-doped  SBN;60 
shown  in  Fig.  5.  This  crystal  boule  is  approximately  2.5  cm  in  diameter  and  7  cm  in 


•  PHOTOIONIZABLE 

•  DONOR/ACCEPTOR 
«  SITE  PREFERENCE 

•  SIZE  AND  QUALITY 
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Fig.  5  Crystal  boule  photo. 


length.  BSKNN-2  crystals  are  also  being  explored  because  their  ferroelectric  and  optical 
properties  are  similar  to  BaTiOj.  Because  of  the  structural  flexibility  in  accommodating 
dopants  and  the  lack  of  a  second  structural  phase  transition  over  a  range  far  below  room 
temperature,  this  material  could  replace  BaTiOj  for  vcirious  optical  applications. 

3.3  Electro-Optic  and  Pyroelectric  Applications  of  Turigsten  Bronze  Mate^i^Lls 

Single  mode  planar  and  channel  waveguides  have  been  produced  in  SBN:60  crys¬ 
tals  by  sulfur  diffusion  in  a  sealed  ampule,  followed  by  oxidation  in  an  open  tube.  Losses  in 
channel  waveguides  were  -  15  db/cm  for  TM  polarization  and  -  27  db/cm  for  TE  polarization 
in  z-cut  substrates.  Electro-optic  modulation  was  observed  after  poling  of  the  substrate. 
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The  experimentally  determined  value  of  the  effective  electro-optic  coefficient  was  slightly 

greater  than  reported  earlier  for  bulk  samples  of  bBN;60,  and  about  15  times  greater  than 

35 

for  LiNb03.  Based  on  measurements  with  the  S  radioisotope,  the  average  atomic  sulfur 

17  3 

concentration  was  estimated  to  be  about  4  x  10  /cm  in  the  region  extending  from  the  sur- 

16  3 

face  to  a  depth  of  2.5  ym,  and  a  significant  background  concentration  (-  5  x  10  /cm-^)  was 

present  to  depths  of  20  ym.  Currently,  efforts  are  underway  to  replace  sulfur  with  other 
suitable  diffusing  ions  in  these  crystals.  However,  the  current  results  are  very  promising 
and  it  is  expected  that  with  further  improvements  in  crystal  quality  and  diffusing  species, 
this  material  will  have  significant  value  for  various  electro-optic  device  applications.  In 
parallel,  efforts  are  also  underway  to  use  higher  electro-optic  coefficient  crystals  such  as 
SBN:75  and  PBN;60,  so  we  can  further  reduce  the  voltage  requirements  for  these 
applications. 

La^''’-modified  SBN:60  single  crystals  have  also  been  grown  in  large  size  and  these 
crystals  exhibit  excellent  response  for  pyroelectric  device  applications.  The  addition  of 
1  wt%  La^^  in  SBN:60  increases  the  pyroelectric  coefficient  by  nearly  an  order  of  magni¬ 
tude.  Currently,  these  crystals  are  being  tested  as  room-temperature  pyroelectric 
detectors.  If  the  performance  of  these  crystals  proves  to  be  satisfactory,  they  may  replace 
HgCdTe-based  detectors. 

3.4  Growth  of  Tungsten  Bronze  Thin  Films 

In  order  to  include  incongruently  melting  bronzes  exhibiting  large  electro-optic 
and  ferroelectric  properties,  we  also  introduced  the  liquid  phase  epitaxial  (LPE)  technique 
for  SBN:50,  SKN  and  PBN;60  compositions  with  good  success.  The  growth  SBN:50  and  SKN 
thin  films  has  opened  up  new  ways  to  study  these  materials  for  SAW  and  optical  applica¬ 
tions.  Based  on  our  current  work,  SKN  films  look  more  promising  for  optical  applications 
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since  the  difference  in  refractive  index  between  SBN:60  (substrate)  and  the  SKN  film  is 
large.  Because  these  films  are  grown  at  lower  temperatures,  their  quality  appears  to  be 
much  better  for  optical  applications. 
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4.0  PUBLICATIONS  AND  PRESENTATIONS 


4.1  Publications 

Over  25  technical  papers  have  been  prepared  and  published  in  refereed  journals 
under  this  program. 

4.2  Presentation 

Over  20  technical  papers  were  presented  as  invited  or  contributed  talks  in  the 
USA,  England,  India,  Switzerland,  Japan  and  Australia. 
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5.0  CONTRIBUTING  LABORATORIES 

The  success  of  this  program  was  due  in  large  part  to  the  collaboration  of  many 
institutions  in  evaluating  these  crystals  and  films  allowing  us  to  rapidly  improve  material 
characteristics  and  enhance  our  overall  understanding.  The  following  institutions  have 
played  major  roles  in  this  research: 


Institute 


Research  Area 


Rockwell  International  Science  Center  Photorefractive 

Electro-Optic 

Pyroelectric 

Naval  Research  Laboratory  Optical  Wave-guides  and 

modulators 


Penn  State  University 
Caltech 


Ferroelectric  and  optical 
characterization 

Photorefractive 


Army  Research  Lab.  (CNVEO) 

University  of  Southern  California 
MIT 

Kirtland  AFB 


Photorefractive 

Electro-Optic 

Photorefractive 

Spatial  Light  Modulator 
(SLM) 

Photorefractive 


Lawrence  Livermore  National  Lab 


Streak  Camera  (Electro¬ 
optic) 


The  details  of  the  research  performed  during  the  past  two  years  are  given  in  the 
remaining  sections  of  this  report  in  the  form  of  individual  research  papers.  These  papers 
are  being  submitted  to,  or  have  been  accepted  for  publication  in,  refereed  journals. 
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We  review  the  current  status  of  the  photorefractive  tungsten  bronze  family  crystals  in  terms  of  their  growth 
problems  and  applications,  with  special  emphasis  on  the  current  results  for  the  Sri-,BaxNbjO(;  solid-solution 
system.  Ferroelectric  morphotropic  phase-boundary  materials  are  discussed  as  an  appropriate  goal  for  future 
development. 
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INTRODUCTION 

T  he  term  photorefractive  effect  has  been  adopted  to  refer  to 
optically  induced  refractive-index  changes  that  occur  in 
many  electro-optic  materials.  This  effect  has  been  used 
recently  for  optical  storage  of  information,  phase  conjuga¬ 
tion.  and  nonlinear  multiwave  mixing  applications.  These 
applications  require  suitable  crystals  that  possess  high  pho¬ 
torefractive  sensitivity,  speed,  and  diffraction  efficiency. 

Photorefractive  effects  have  been  observed  in  a  variety  of 
electro-optic  materials,  such  as  BiuSiOj...  BiijGeO-,,. 
LiNbO ..  Li  TaO  i  ( PbLawTiZnO ,.  KH..pb4.  CdS.  Bi/Fi  oi  ■. 
KiTa.NbiO.  K.NbO,  BaTiO,,  Ba oNaNbsO,..  and  Sr,-, 
Ba,Nb  0.1  i.SBN  i.‘  -  and  may  be  considered  a  general  prop¬ 
erty  of  electro-optic  materials.  Depending  on  the  band  gap 
and  the  electro-optic  coefticient  of  the  given  crystal,  the 
refractive-index  changes  may  be  induced  not  only  by  visible 
light  but  also  by  ultraviolet  or  infrared  radiation.  The  char¬ 
acteristics  of  a  number  of  currently  important  electro-optic 
materials  are  summarized  in  Table  1. 

•Xt  present,  a  great  deal  of  attention  has  been  focused  on 
twii  important  candidates,  namely,  perovskite  BaTiOt  and 
tungsten  bronze  SBN  crystals.  BaTiO.  exhibits  several 
structural  transitions,  and  it  has  a  room -temperature  tetrag¬ 
onal  structure  with  verv  large  electro-optic  coefficients,  e  g.. 
r- 1  and  r, ,.  The  origin  of  these  anomalously  large  constants 
is  clearly  the  phase  change  below  room  temperature  to  an 
orthorhombic  ferroelectric  phase.  The  incipient  phase 
change  destabilizes  the  polar  vector  in  the  plane  perpendicu¬ 
lar  to  the  fourfold  axis  of  the  tetragonal  form,  giving  exceed¬ 
ingly  high  values  of  <|,  and  thus  large  electro-optic  coeffi- 
I  lents.  e  g.,  r-,,  and  r,j.  Tnfortunately.  however,  the  normal 
phase  change  necessarily  carries  with  it  a  strong  tempera¬ 
ture  dependence  for  in  and  the  electro-optic  coefficients. 
Kven  worse,  it  the  crystal  is  accidentally  cooled  below  riwm 
temperature,  the  phase  change  leads  to  a  catastrophic  de- 
'iruction  ol  the  single-domain  state  essential  for  device 
'Indies.  .-X  .econd  major  disadvantage  of  BaTiO.i  crystal  is 
the  high  paraeledric  prototype  symmetry  (mUml.  which  has 
I  hree  equivalent  lourlold  axes  and  thus  gives  the  possibility 
ol  i»(i°  twin  domains  These  ferroelectric  twins  are  difficult 
to  remove  b\  poling  and  limit  strictly  the  transverse  field 
level'  /-.  I  that  v  an  be  tolerated.  In  spite  ol  these  difficulties, 
'inall  but  relalivelv  good  quality  BaTiO .  crystals  are  avail 
■  ible  Irom  S.inders  .Xssmiates  for  pholorelractive  devices 
'Indie'. 


On  the  other  hand,  the  tungsten  bronze  SBN  solid-solu- 
tion-system  crystals,  in  particular  Sr,)  sBa.i  4Nbj06 
|SBN:60).  are  relatively  easier  to  grow,  and  crystals  as  large 
as  2  to  T  cm  in  diameter  are  available.'  *  Since  this  compo¬ 
sition  exhibits  only  one  paraelectric-ferroelectric  phase 
transition  and  a  unique  polar  axis,  the  crystals  have  no  90° 
twinning  or  other  problems.  In  this  paper  we  review  the 
state  of  the  art  of  this  crystal  along  with  that  of  other  tung¬ 
sten  bronze  crystals  for  photorefractive  applications. 

FERROELECTRIC  TUNGSTEN  BRONZE 
FAMILY  CRYSTALS 

Ferroelectric  tungsten  bronze  oxides  have  been  studied  for 
their  electro-optic  and  pyroelectric'"'  properties  and  have 
been  found  to  be  most  useful  for  these  applications.  The 
bronze  compositions  can  be  represented  by  the  general  for¬ 
mulas  as  l.Ti )4i.Aj)2r4BioOno  and  (.•XiUid-jloBioO.jo.  in 
which  .A].  -A  ..  and  B  are  I5-.  12-.  9-.  and  6-fold  coordinated 
sites  in  the  structure.  The  tetragonal  bronze  prototypic 
structure  is  shown  in  Fig.  1  in  projection  on  the  (001) 
plane  A  wide  range  of  solid  solutions  can  be  obtained 
by  the  substitution  of  different  .A,.  .Aj.  and  B  cations, 
and  a  number  of  different  types  of  ferroelectric  and  ferroe- 
lastic  phases  have  been  identified  (more  than  100  com¬ 
pounds  and  numerous  solid  solutions).  The  ferroelectric 
phases  can  be  divided  into  two  groups:  those  with  tetrago¬ 
nal  symmetry  (Amm).  which  are  ferroelectric-paraelectric, 
and  those  with  orthorhombic  symmetry  (mm2),  which  are 
both  ferroelectric  and  ferroelastic. 

Crystals  that  are  noncentrosymmetric.  i.e..  that  lack  a 
center  of  symmetry,  may  exhibit  both  linear  and  quadratic 
electro-optic  and  elasto-optic  effects.  In  all  the  crystals 
discussed  here  the  linear  effects  are  dominant.  Thus  a  lin¬ 
ear  change  in  optical  index  of  refraction  can  be  induced  by 
an  electric  field  (electro-optic  effect),  or  by  strain  (elasto- 
optic  effect),  or  under  illumination  by  a  laser  (photorefrac¬ 
tive  effect ).  Strain  can  be  produced  by  an  electric  or  (piezo¬ 
electric)  field  by  a  stress  (elasticity).  The  matrices  of  elec¬ 
tro-optic  coefficients  in  the  reduced  matrix  form-"'  r,,  are 
given  in  Table  2. 

In  the  tungsten  bronze  family  in  general,  the  effects  (r4i) 
and  lr-,,l  are  large  for  the  orthorhombic  (mm2)  bronze  crys¬ 
tals.  while  the  transverse  ir , ,)  effects  are  large  for  tetragonal 
I  Till’ll  I  bronze  crvsials;  but  this  ran  change  for  compositions 
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Table  1.  Phojorefractive  Characteristics  of  Electro-Optic  Materials 


frvstal 

KlectrcOpiu 
('oetlii  lent  » M  \  * 

('rvstal 

Si  rut  lure 

Ph<norelracii\e 
Sensitiv  iiv 
(cm-  'I  > 

He^pon-st 
'l  ime  1  iri-set  i 

7 

I'Ci 

Hii  SiO  , 

r,  =  .*>  >  i()“  ■- 

Cuhic 

4  X  jo“ 

'l-|o 

Bi;  .t;e(f 

r.  =  X  10- " 

('ubu 

' 

LiNhO  Fe 

r ,  =  X  10-- 

Trigonal 

3  X  h'-' 

lo 

1  1  3|  1 

Li\h(),:Kh 

r..  =  .11. .s  X  pi-'- 

Trigonal 

7  X  I(r 

—  « II 1 

]  130 

BaT lO  ■doped 

r-,.  =  S'lJ  X  pr  1- 

Tel  ragt»nal 

7  X  10- 

ijii 

iKTNi 

=  1400  X  10'  =  - 

Cubic 

m 

K.\h(l,:.Mii 

r,  =  :!,S0  X  pr  r 

Oriho 

KNhtf  Ke 

r,  =  .Sxii  X  lO"  •- 

On  ho 

^1(10 

4M' 

Ba  NaNh  0; 

r;  =  37  X  lo  ‘ 

Ortho 

-8  X  l(r^ 

'JUCIO 

38n 

iMii  or  F'e' 

SBN:fe 

r.,  =  4Jo  X  lo  1- 

Tetragonal 

9-s  X  pi-' 

•^80 

70 

SBN 

r.  =  4:>|I  X  lo  : 

Tetragonal 

H.J  X  pr' 

^10(  )0 

73 

BHN 

r  .  =1 .430  X  lo'  -- 

Tetragt>nal 

.1  X  pr-' 

- 

38 

close  to  niorpholropic  phase  boundaries  The  SBN  solid 
solution  crystals  exhibit  exceptionally  lar^te  elect rii-optic  co- 
elficients,  which  are  based  on  three  independent  nonzero 
moduli:  r,;  =  r  ..  r,  =  r-,..  and  r.  .  The  largest  electr<n 
optic  ettect  is  observed  tor  the  dc  electric  field  parallel  to  the 
single  tetrad  symmetry  axis  .v  which  is  also  the  polar  axis, 
and  with  light  propagation  normal  to  the  .» ■  direction.  The 
phase  retardation  in  this  case  is  given  b\ 

r  =  (  Jr/  \  ,i  m  -  n  ,  I.  m 

where  /  is  the  path  length.  is  the  free-space  wavelength, 
and  n.  and  n  .  are  the  principal  indices  ol  refraction  normal 
to  the  direction  of  propagation  .ty.  In  this  case 

n  =  n  -  n  r,  E  J  n  =  n,  -  n,  J.  (Ji 

where  n  .  and  n.  are  the  ordinarv  and  extraordinary  optical 
indices,  respectn el> 

For  light  parallel  to  .t  .  and  an  electric  field  parallel  to.vi  or 
an  axis.  I'  is  written  as  above  but  lor  n,  and  n,  .  which  are 

r 

n  =  n  .  ri  '  =  n  -  n  '  '  •  (Hi 

Jin  -  n,  'I 

Crystals  that  have  been  investigated  in  the  SBN  senes  are 
those  for  which  ,>  =  H  J-o.  ii.4(i.  (I  .'io.  and  ()  T.o  '  The  hall 
wave  field-distance  products  |E  ■  L|>  at  6fJ.8  nm  for  the 
electric  field  along  r  <.  with  light  normal  to  xi  and  polarized 
at  4.''°  with  respect  to  principal  axes,  are  shown  in  Table  H. 
In  SHN  for  a  one-to-one  aspect  ratioof  electric-field  path  to 
optical  path  length,  the  hall-wave  field-distance  product  |E- 
L|>  is  48  at  1.0  MHz.' I  By  way  of  comparison,  this  is 
equivalent  to  the  quadratic  effect  in  KTai-,Nb,  Oi  (KTKl 
at  dc  bias  fields  of  JOOtl  V.  The  48  \'  required  is  also  60  times 
smaller  than  2800  V  obtained  previously  for  LiTaO.i  and 
l.iNhO  ■  Because  of  such  excellent  electro-optic  proper¬ 
ties  lor  the  SBN  solid  solution,  considerable  research  has 
been  performed  on  this  composition  family  as  well  as  on 
other  bronze  composition  crystals.  Table  4  lists  a  number  of 
orthorhombic  and  tetragonal  tungsten  bronze  crystals  de- 
\eloped  at  canons  research  laboratories  and  their  important 
ferroelectric  and  electro-optic  properties.  Some  ol  the 
unique  advantages  of  bronze  crystals  are  as  follows: 


f  ig  I  I’ri'io  lion  ol  stnii  lure  ol  ietr:ii:..n.il  tungsten  bronze  paral¬ 
lel  lo  oml  I 


Table  2.  Electro-Optic  Matrices  r/,  for  the  (mm2)  and 
(4mm)  Bronze  Crystals 


Orlhi>rhomhi(  ir7j”i2i 

T  eirag<‘nal  (4f7}t^i  > 

0 

0 

0 

0 

^1  C 

0 

0 

r . 

0 

0 

n  ■: 

0 

0 

r : 

i» 

(1 

Ti  . 

0 

^4. 

0 

0 

'■■-I 

0 

r.i 

0 

n 

r-  ; 

0 

0 

0 

0 

(( 

0 

0 

0 

Table  3. 

Half-Wave  Field-Distance  Products  for  SBN 

|E.L|>;" 

/ 

X  =  n.T.y 

J  =  0.4(» 

»  =  ti  3" 

.V  ==  0.23 

dc 

1  MHz 
I.V  MHz 

:i7  Vdc 

80  V  pp 

48  \  pp 

l.SllVdt 

HOO  \'  pp 

2(10  \'  pp 

23o  V  dt 
r>7(i  V  pp 
38(>  \’  pF» 

1.440  V  pp 
)  2-48  \  pp 

pp  peak  ‘tt  peak 
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Table  4.  List  of  Important  Tungsten  Bronze  Crystals^ 


Composilion 

T, 

i°('l 

Dielectric 

Coefficient 

Piezoelectric 

('oefficienl 

Electro-Optic 

Coefficient 

L'nil  Cell 

Crystal 

Shape‘s 

« 

<11 

dii 

dr. 

X  lO-'-'m/T 

Tetragonal  crystals' 

SB.N:T.-. 

:i4tH) 

- 

- 

14fK) 

12.440 

- 

:!924 

c 

SBN:60 

T5 

88(4 

470 

i;!0 

40 

42(1 

12.467 

- 

8.9.87 

c 

SBNi.AO 

12S 

A.M> 

;too 

UHJ 

60 

180 

12.47.7 

;i,952 

c 

SKN 

IfiO 

UHHl 

800 

90 

.80 

270 

12.470 

- 

8.9,89 

(• 

B.SKNN 

■_H)T 

L>U0 

850 

75 

84 

880 

12.560 

- 

8.978 

s 

K.l-ijNbOr, 

4i).=S 

IIT) 

:«« 

57 

68 

80 

12..580 

4.015 

s 

FB.NiHO 

aio 

too 

.800 

UKX) 

12..576 

- 

:i.978 

s 

BaeTi.Nh.(),.d 

2(>9 

I9;f 

- 

- 

420 

12..589 

- 

4.020 

s 

Orlhorhor7ibu  crN^tals 

Bh.KNh-.O,. 

4ti() 

l->9 

62 

470 

r,o  =  imi 

17.780 

17.961 

7.784 

c 

Baj.\a.\h,0,., 

')tUl 

.’>7 

242 

;17 

42 

r.,  =  92 

17. .590 

17.618 

7.982 

c 

SrjNaNh-.Or. 

JTti 

IMHt 

- 

* 

r^  -  =  4(X) 

17.450 

17.49:1 

7.784 

(• 

K.BiNh.Or, 

4(t.S 

.>(K( 

4(K) 

- 

- 

17.851 

17.852 

7.804 

c 

K tLi  iNh '  -Taj  ;()] 

l.'iO 

o7.S 

:UKJ 

- 

- 

•  Krfs,  Jft-iiy  iselected  releretue^i 
“  (  .  i'\  lindrical.  S.  square 

\\\  tetragonal  crystals  have  l>een  erown  at  Ht»ckwell 
’  This  bigger  unit  <eil  has  *  .  large 


1 1 1  This  family  nt  trystals  possesses  extraordinarily 
larjte  transverse  and  longitudinal  electro-optic  coelTicients. 
especiallv  near  a  morphotropic  phase  boundary  iMPB). 

C-M  Trade-oil  between  sensitivity  and  speed  can  be  in¬ 
vestigated  tor  photoretractice  studies  because  of  the  struc¬ 
tural  tlexibility.  In  the  tungsten  bronze  structure,  several 
crystallographic  sites  are  partially  empty,  which  allows  the 
composition  to  be  tailored. 

cli  Several  ferroelectric  MPB  compositions  have  been 
identified  for  this  family. 

( }  I  The  lower  prototype  symmetry  gives  a  large  family  of 
gtquadratici  constants  (quadratic  and  electro-optic  I  and  the 
possibilitv  ol  anisotropic  conduction.  The  nonzero  values 
are  gu.  g,  j.  gi  .  g,).  and  as  compared  togn-ffu-  andgu  in 
perovskites. 

(■'ji  In  the  tetragonal  bronzes,  since  the  prototype  .sym¬ 
metry  IS  Amm.  only  one  unique  fourfold  axis  exists,  and  90" 
twins  are  absent;  hence  crystals  are  not  likely  tocrack  during 
poling,  as  reported  for  BaTiO,. 


GROWTH  OF  TUNGSTEN  BRONZE  CRYSTALS 

The  growth  of  orthorhombic  {rnnrJl  and  tetragonal  f4rnml 
bronze  crystals  has  been  the  subiect  of  great  interest  for 
many  years,  and  considerable  progress  has  been  made  to¬ 
ward  developing  crystals  of  suitable  size  and  quality.  The 
most  important  orthorhombic  crystals  are  based  on  Pb-". 
e.g..  Pb.K.\b-,0,-,.  Pb.Nh.O,,.  Pb,N'a\b-,0,:,;  they  are  all  at¬ 
tractive  candidates  for  surface  acoustic  waves  (S.WV'sl.  elec¬ 
tro-optic.  and  piezoelectric  transducer  applications.  These 
cr>stals  are  extremely  difficult  to  grow  because  of  .several 
problems  associated  with  their  growth,  such  as  the  volatil¬ 
ization  of  Pb-'  at  the  growth  temperature  and  the  cracking 
of  crystals  when  cyclying  through  the  paraelectric-ferroelec- 
tric  phase-transition  temperature.  The  other  orthorhombic 
bronze  crystals,  such  as  BajNa.Nb-,0|  -,  and  K  Li_>Nb-,0i  „  are 
available  in  small  sizes;  however,  their  photorefractive  prop¬ 
erties  are  similar  to  those  of  LiNhOd"  hence  these  com¬ 
positions  are  not  widely  studied. 
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Siiue  the  letra;;iinal  hroiii'e  comptisition  crystals  exhibit 
excellent  transverse  ir;  !  electrooptic  and  pyroelectric 
properties,  Neurjtaonkar  and  co-workers' ' ^ have  exten 
sively  studied  the  problems  associated  with  these  crystals 
and  have  successfully  established  conditions  that  permit  use 
of  the  (  zochralski  technique  The  rnore  prominent  exam¬ 
ples  in  this  cateftory  are  Sr,.  -  .Ba,,  .,Nb  O.,  (SB.NiTol, 
iSB.N'ihiii.  Pb,,,,Ba,.  ,Nh  (),  (PB.\:h(ti.  and  Ba_-,Sr,Ki. 
Na  Nh Oi  (BSKNNi.  .Although  large  sized  crystals  have 
lieen  develo[>ed  lor  these  i  (impositions,  the  problems  associ 
ated  with  these  tetragonal  bronze  crystals  are  as  follows 

Ml  They  are  multicomponeni  and  solid-solution  svs 
terns,  heme  it  is  dillicult  to  establish  true  congruent  melting 
compositions  lor  optical  application' 

I'Ji  The\  possess  high  melting  temperatures  (greater 
than  I '''"''Cl.  hence  volatilization  and  oxidation-reduction 
(irohlenis  I  Nh  '  .■  Nh‘ ‘  i  are  common 

I  o  Kxchaiige  among  crystallographic  sites,  specifically 
ol  the  lo  and  IJtold  loordinated  ions  such  a'  Ba- ‘  and 
."sr  .  l  auses  sexere  striatum  problems 

1)1  (  racking  can  oci  ur  m  crvsta!'  w  hen  they  pas' 

through  the  paraelectrii  lerroelectric  phase  transition  tern 
(leralurt  Kor  tetrag'onal  crvstal'  this  is  a  less  severe  prob 
lem  than  lor  Ihi  orthorhombic  torm'.  hut  it  is  still  ol  con 
i  erii.  1  .g  .  Ill  PBN  tiu.  B.sK.N.N,  and  Kl.N 

.Among  these  crystal'.  SBN'ifitl  and  SBNsAii  are  mu<  h  easi 
er  to  grow  than  other  tetragonal  bronzes,  crvstals  as  large  as 
J  to  I  <  ni  in  diameter  of  optical  quality  are  being  grown,  as 
shown  in  Kig  for  SB.N':fi(l  (SBNihd  is  the  only  congruent 
melting  composition  in  the  SrNb  (),  BaNbjO.  system.-’  > 
I  he  rei  eni  development  of  optical-quality  material  is  a  ma 
|or  sie(i  lor  this  familv  ol  crystal'  In  our  work  we  have 
found  that  the  qualitv  ol  these  crystal'  depends  on  the  lol 
low  ing  factor' 

1 1 1  Impurities  in  starting  materials.  Ca-'*.  Fe'*.  Mg  '. 
Na  ‘ ,  eti 

i-’i  Kotation  and  pulling  rates:  faster  pulling  rates  were 
needed  to  control  temperature  instability  because  of  prair 
thermal  conductivity 

III  Cooling  rate  variation  percent  of  Sr-'  and  Ba  * 
di'lribution  c  hanges  on  l.'i  and  U  fold  coordinated  sites  lor 
dillereni  (doling  rates 


•A  iii.i'l  striking  and  uiudmmoii  teat  lire  ol  these  let  ragoiial 
bronze  irvstals  is  that  thev  all  show  iinlural  facets  The 
smaller  iinil  cell  bronzes,  e.g..  .SB.N:(ill.  .SBN  .'id.  and 
Sr  KNb.Oi  ,.  are  cylindrical  in  shape  and  exhibit  well 
defined  facets.'  whereas  the  bigger  unit  cell  bronzes,  e  g, 
B.SKN'N.  I’B.\:fiO.  and  BTN.  are  square  in  shape  and  exhihii 
lour  well-defined  facets.  Figure  .1  shows  the  idealized  forms 
lor  these  crvstals.  This  is  significanl  lor  the  sludv  and 
iitilizalioii  of  this  family  of  crvstals,  since  the  task  ol  crystal 
orientation  is  otherwise  tedious  and  time  consuming 
The  ferroelectric  and  piezoelectric  properties  lor  these 
bronze  composition  crystals  have  been  investigated,  and 
these  properties,  e.g..  t  ,,.  C],.  d,,„  and  cf,-..  are  significantly 
different  from  smaller  to  bigger  unit  cell  bronzes.  For  ex¬ 
ample.  »;u  and  du  are  larger  for  smaller  unit  cell  bronzes, 
whereas  cji  and  d|  ,  are  larger  for  bigger  unit  cell  bronzes. 
Since  the  di  ,  coefficient  is  equivalent  to  r  ,,  (or  to  r,j  in  the 
tretragonal  system),  it  is  expected  that  the  bigger  unit  cell 
bronzes  should  have  similar  electro-optic  photorelractive 
properties  to  those  seen  for  BaTiOi  and  K.NhO  crystals 
Table  .‘i  summarizes  the  classification  of  results  obtained  for 
Ihe  tretragonal  bronzes;  the  classification  has  been  made  on 
the  basis  ol  unit  cell  dimensions.  Curie  temperature,  and 
dielectric  and  piezoelectric  properties.  I  he  availability  of 


Table  3.  Classification  of  Tetragonal  Tungsten 
Bronze  F'amily  Crystals 


l  unjiwicn  Hr(*n/e  (‘omposiiions 
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Dimensirin'*'- 

Tungsten  Bri*n7e  (’umpf'siti‘*n- 
wiih  Bigger  1  nit  (’ell 
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>iii  h  improveri -quality  bronze  t  rvstals  has  opened  up  a  vari¬ 
ety  ol  new  device  concepts  that  includes  electro-optic,  pho- 
torelractive,  pyroelectric.  S.AVS  millimeter-wave,  and  trans¬ 
ducer  applications.  F'igure  4  shows  a  number  ol  device  con¬ 
cepts  beinj;  explored  a.  Rockwell  International  using  both 
bronze  crystals  and  their  ceramics.  In  each  case,  significant 
progress  has  been  made.'”  "' 


PHOTOREFRACTIVE  PROPERTIES 


To  provide  an  appropriate  context  for  the  discussion  ot 
material  development,  the  projected  applications  of  photo- 
retractive  materials  and  the  physical  basis  ol  the  optical 
eilects  that  make  these  applications  possible  should  be  con¬ 
sidered  in  some  detail.  These  applications  include  real-time 
holography,  optical  data  storage,  and  phase-conjugate  wave- 
troiit  generation  Recently,  increasing  attention  has  been 
Incused  on  using  coherent  signal  beam  amplification  in  two- 
wave  mixing  These  new  applications  include  image  ampli- 
tnatMin,  vibrational  analvsis,  nonreciprocal  transmission. 
I.iser  gr>o  biasint;,  anct  optical  computing.'''"'  .-Ml  the.se 
.ip|)luations  share  a  need  for  local  changes  in  refractive 
iiulex  produced  bv  illumination.  The  issues  connected  with 
photorefrai  ine  ellect  intiude  the  sensitivity  of  the  given 
material  to  illumination  and  the  sjieed  which  the  index  can 
iH-  made  to  change.  In  spontaneously  polarized  ferroelectric 
crv  sials.  light  induced  tree  carriers  excited  in  an  illuminated 
re;;ion  oi  the  crystal  are  displaced  along  the  polar  axis  to  be 
retrapped.  The  re^ultiiii:  space  charge  generates  an  electric 
lield  f  ,  which  gives  rwe  to  a  retractive-index  change  Sn 
through  the  linear  electro  optic  ettect.  e  g.. 

A’l  =  '  n  f.  .  Ill 


where  '  is  the  electro-optic  coelticient. 

I  he  -fiace-t  barge  lield  /■,'  generated  by  the  charge  dis¬ 
placement  and  ret  rapping  is  given  simply  bv 

h  =  '  j  /)dv  =  '  j  -iid.'  I;  i-'i 

<  f  ■  f( 

;  the  polarization.  (  is  the  dielevtric  constant,  and  the 
lurreiit  deiisitv  -J  is  a  tiinction  ol  both  .v  and  l.  In  general. 
-/'  1  I  I'  (lime  lomplex  and  is  a  tiinction  ol  the  light  inteiisitv 

/.  1  I 
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flu  iir-t  term  in  Kv|  Ibi  is  the  hu.il  conduction  in  a  field, 
.vlih  h  I'  the  ■■iim  ot  'pace  charge  and  possible  external  com 
poni  nl-  I'be  semnd  lerm  is  the  volume  photovoltaic  el- 
lei  1 .  I  he  I  turd  lerm  is  due  to  tree-carrier  diffusion  driven  bv 
the  I  oiueniralioii  gradient  uln  dai.  the  fourth  and  fifth 
term'  ,ire  iraiisient  phenomena  that  are  due  to  pyroelectric 
Old  ev(  lied  't.ile  pol.irizai ion,  respeclivelv  In  view  ol  the 
1  omplevii  V  ol  the  phenomena  conirilnilmg  to  -71.1 1.  it  is  diffi 
.oil  n.prednl  f.  v  .dues  in  a  new  <  rvsial.  .Since  the  electro 
.'pin  (..elliiienl  m  .i  given  crvsial  is  more  or  less  indepen- 
.1.  lit  "I  minor  -i  ib-t  it  ol  loii'.  ihe  improvement  in  pholore- 
:i  i  tivi  'i  ii'iliviiv  .Old  'peed  wilbin  .i  single  composition 
h  I  -  lo  .  ome  1 1.  .m  I  he  iii.ig  ill  Hide  and  speed  of  the  buildup  ol 
I'll  I  i« .  In.  Ill  Id  /•  Kor  this  rr.i'nii.  researchers  in  'everal 
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laboralories  around  the  world  are  concentrating  on  finding 
-iiitable  electrically  active  dopants  for  those  materials  hav¬ 
ing  large  electro-optic  coefficients. 

No  single  material  combines  all  the  desired  features; 
hence  a  large  number  of  ferroelectric  crystal  compositions 
hav  e  been  grown  and  characterized  to  determine  a  possible 
trade-off  between  sensitivitv  and  speed.  The  nonferroelec- 
tric  BiijSiOji,  crystal  has  the  desired  response  time  (~1 
mseci.  hut  its  photorefractive  sensitivity  is  moderate  be¬ 
cause  r.,  is  low.  On  the  other  hand,  all  ferroelectric  crystals 
summarized  in  Table  1  have  exceedingly  high  sensitivity  but 
moderate  response  times.  If  these  ferroelectric  crystals  are 
to  be  used  for  device  applications,  their  response  time  must 
be  reduced  to  the  order  of  1  msec  or  better.  This  is  a  key 
issue  in  ferroelectric  crystal  development,  and  efforts  are 
under  wav  to  investigate  this  problem.  Figure  5  shows  the 
generic  topics  that  need  to  be  addressed  to  determine  the 
trade-off  between  sensitivity  and  speed  in  a  ferroelectric 
crystal,  for  instance  in  SBNhfiO.  Since  the  electro-optic  co¬ 
efficient  ir.,)  will  be  unaifected  for  given  impurities,  the 
'pace  charge  can  be  controlled  by  adding  specific  impurity 
levels.  It  is  now  well  established  that  doping  crystals  with 
impurities  that  are  readily  photoionized  by  the  incident  ra- 
tiiation  greatly  increases  the  susceptibility  of  crystals  to  in¬ 
dex  ch.inges  Recently  .\legumi  cf  a/.'"  reported  that  the 
addit  i.'ii  ol  Ce  produces  a  broad  absorption  in  SBN;60  crys- 
t.il',  which  UK  teases  the  sensitivitv  considerably.  L'ndoped 
SH.N.'iio  is  iraiisparenl  in  the  visible  range,  with  its  funda¬ 
ment. il  absorption  edge  at  about  u.AT  um.  The  addition  of 
t  e  dev eloijs  a  distinct  but  w ide  absorption  band  around  0..5() 
..m,  which  diners  markedly  trom  the  electronic  absorption 
I  .l.c  I  hi-  1  'e  ion  photoioiiizes  bv  means  of  the  reaction 

I'e  *  +  hi  .  ■  Ce"  +  t  icoiiductioni. 

Fr.'in  this  work  "  both  the  Ce  *  and  the  Ce"  valence  states 
.ippear  to  be  present,  since  the  sensitivity  improves  from 
lo'  to  III'  cm-  -1  This  improvement  is '2  orders  ot  magni- 
Hide  higher  than  to  Fe  '.  C'  *.  and  Rh  '-doped  LiNbO  ‘ 

Receiitlv  Neurgaonkar  c(  a:.  "  successfully  demonstrated 
the  growth  ol  Ce-  and  Fe-doped  SBNibb  single  crystals  as 
pan  ol  an  ellort  to  study  in  detail  the  role  of  these  ions  in 
plmtorelractive  device  applications.  .As  shown  in  Fig,  6, 
.ipproximatelv  1  2-cm-diameter  Ce  and  Fe-doped  SBN:60 
I  rvstals  have  been  grown  along  the  iHPl  i  direction  by  using 
the  f’zoc  hralski  lechnic|ue.  The  doping  of  SBN;f)l)  with  Fe. 
and  w  ith  Fe  and  Ce  together,  has  not  been  done  previously; 
and  Fe  is  expevted  to  produce  interesting  results,  as  it  has 


f‘i_  ■'  f'  l.  i.'r-  .Iflt-rinimng  ihe  ph-'toretrai  tive  sensitivitv  and 
-p.  ( .1  in  n-rr.  .elei  1  rii  .  rv  -l.ils 
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Tabic  G.  Goals  for  Photorefractivc  Studies  and 
Current  Status 
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the  striation^  are  tound  ditlimlt  to  suptiress  In  the  tuns; 
sten  hronze  strinture  Ce  '  and  Ce'’’  are  expected  tooccupv 
the  1  and  9- told  coordinated  sites,  while  Fe-  ■  and  Fe"  ions 
are  expected  tom  t  up\  6  told  coordinated  sites  Our  result - 
'Uttaest  that  the  existente  ol  striations  in  SBNdid  crystals 
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have  similar  ionic  size  and  site  preferences  to  those  of  Fe  *■*.  it 
would  be  interesting  to  check  their  influence  on  striations  in 
SBN:6li  crystals. 

The  development  of  striation-free  Ce-doped  SBNiBO  crys¬ 
tals  makes  possible  the  evaluation  of  photorefractive  prop¬ 
erties.  specifically  sensitivity  and  speed.  Typical  6  mm  X  6 
mm  X  6  mm  sized  cubes  have  been  supplied  for  the  examina¬ 
tion.  and  two-  and  four-wave  mixing  techniques  are  being 
used.  These  measurements  are  being  made  at  California 
Institute  of  Technology.  Rockwell  International,  and  other 
laboratories,  and  these  measurements  will  be  reinvestigated 
as  better-quality  crystals  become  available.  Table  6  sum¬ 
marizes  the  proposed  goals  set  and  results  obtained  to  date 
lor  this  material.  In  agreement  with  the  results  reported  by 
Megumi  et  al.S’’  the  present  crystals  also  show  the  typical  Ce 
broad  absorption  band  around  0.50  and  this  band  i  -”- 
mained  unchanged  from  one  sample  to  another.  Both  the 
photorefractive  sensitivity  and  speed  were  estimated  for 
these  crystals  iTable  6l.  and  the  results  are  promising. 

A  useful  evaluation  method  for  photorefractive  sensitivity 
of  electro-optic  crystal  is  measured  by  the  sensitivity  .8'  ae 
given  by  Glass  ct  at.'  '  Tbe  sensitivity  is  defined  as  the  index 
change  per  absorbed  energy  density,  i.e.. 


For  a  t'.l  wt.''(  Ce-doped  crystal,  this  sensitivity  was  mea¬ 
sured  to  be  ti..5  X  Ur  '.-cm-'J.  This  value  is  in  close  agree¬ 
ment  with  value  reported  by  Megumi  et  al.’"  and  exceeds 
that  of  Fe-doped  Li.N'bO  iRel  411  and  .Mtd"-  and  Fe"- 
doped  Ba.NaXb  O]-,  iRef.  5i  by  more  than  2  orders  of  mag¬ 
nitude.  For  this  addition,  the  response  time  also  changed 
becoming  faster  l8ti-UI0  mseci  compared  with  that  of  the 
undoped  crystal  i  llHMi  mseci.  This  is  considered  a  signifi¬ 
cant  improvement  in  ferroelectric  crystals,  and  although 
details  regarding  the  mechanism  are  not  yet  known,  both  the 
response  time  and  sensitivity  can  be  improved  with  a  suit 
able  dopant  The  Fe-doped  crystal  also  showed  similar  im¬ 
provement;  however,  the  estimation  of  precise  values  was 
difficult  because  of  the  crystal  qualitx.  Ellorts  are  under 
way  to  reinvestigate  the  stnation  problems  associated  with 
Fe  doped  SB.\:6tl  crvstals. 

The  improvement  in  phot  >  characteristics  needs 

to  be  related  to  the  possible  ro..  s  Ol  ..lese  impurities  In  the 
ideal  picture,  one  needs  both  a  donor  of  electrons  and  an 
acieptor  to  enhance  the  space  charge  field  £,.  These  might 
beC’e‘*  and  Ce^*,  Fe-'^  and  Fe'^.Ce*^  and  Fe^.orcombina 
lions  of  these  w  ilh  Nb^^  and  various  vacancies  in  the  SBNifid 


Table  7.  Valence  States  of  Dopants  in  SBN:60- 
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structure.  The  current  results  clearly  indicate  that  the  ad¬ 
dition  of  Ce  and  Fe  dopant  enhances  the  photorefraci ive 
properties;  however,  the  presence  of  the  various  charge 
states  of  C’e'*  ^Ce^*  (Fe-*/Fe  '*)  has  not  yet  been  established. 
Because  Ce  ‘*  (or  Fe‘*)  is  stable  at  the  growth  temperature, 
there  exist  several  possibilities  for  the  species  that  form 
charge  traps,  as  shown  in  Table  7. 

In  the  present  case,  he  tendency  of  Nb’*  to  reduce  to 
Nb^'^  provides  the  possibility  of  donor  states.  Since  the 
preferred  state  of  Ce  at  the  growth  temperature  is  Ce'^.  a 
donor,  some  questions  concerning  the  identity  of  the  accep¬ 
tor  in  Ce-doped  crystals  remain.  The  observed  tendency  of 
Nb’*  to  reduce  the  growth  temperature  may  encourage  the 
formation  of  vacancies,  which  would  act  as  either  donors  or 
acceptors.  Currently  we  are  using  optical  and  Mirssbauer 
spectroscopy  to  identify  the  donor  and  acceptor  species  in 
these  crystals.  Once  this  is  accomplished,  both  sensitivity 
and  speed  should  be  controllable. 

The  improvement  in  photorefractive  properties  obtained 
by  doping  SBN:60  crystals  presents  a  unique  opportunity  to 
study  new  device  concepts.  .At  the  same  time,  these  studies 
provide  the  basis  for  understanding  the  photorefractive 
mechanism  responsible  for  these  improvements  and  guide 
the  search  for  new  classes  of  electro-optic  materials. 

FUTURE  TUNGSTEN  BRONZE  FAMILY 
MATERIALS 

.Another  approach  to  the  development  of  improved  photore¬ 
fractive  materials  is  the  u.se  of  morphotropic  pha.se  boundary 
iMPBl  composition  crystals,  i.e..  investigating  photorefrac¬ 
tive  sensitivity  and  speed  in  materials  having  a  large  electro- 
optic  effect.  The  electro-optic  properties  close  to  the  MI’B 
regions  are  at  least  h  to  10  times  better  than  the  current  best 
materials,  such  as  SBN:60  and  BaTiOi.  and  offer  a  unique 
opportunity  to  develop  superior  photorefractive  materials. 
Figure  7  shows  a  typical  ferroelectric  tungsten  bronze 
l’h|-,Ba,.\b_.Os  system,  in  which  the  MPB  region  is  Itnated 
.It  X  =  tl..l7.''‘  In  this  region,  the  electro-optic,  dielectric, 
pyroelectric,  and  piezoelectric  properties  are  exceptionally 
large,  and  they  are  largely  temperature  independent. 

Several  of  the  most  useful  tungsten  bronze  and  perovskite 
sy>tem>  show  MF’B  s  near  which  the  polarization  is  large, 
giving  large  electro-optic,  dielectric,  and  other  properties. 
.As  shown  in  Fig.  7.  on  a  binary  pha.se  diagram  a  MPB  ap- 
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Fig  8.  Piezoelectric  idn  and  (/,■,>  coefficients  as  a  function  ol 
composition  in  the  Ph|-,Ba,Nh  ()„  svstem 

pears  as  a  nearly  vertical  line  separating  two  ferroelectric 
phases,  i.e..  the  boundary  occurs  at  a  nearly  constant  compo¬ 
sition  over  a  wide  temperature  range  up  to  the  Curie  tern 
peralure.  Poled  crystals  near  such  boundaries  show  unique 
and  enhanced  electro-o[)tic  properties  because  of  the  prox¬ 
imity  in  tree  energy  ot  an  alternate  ferroelectric  structure. 
.A  detailed  description  of  MPB  behavior  has  been  provided 
by  -laffe  ct  a/.''- 

For  the  Pb|-,Ba,.NbjOK  system  the  coexisting  phases  at 
the  .MPB  are  tetragonal  and  orthorhombic  In  the  tetrago- 
tial  i-lnini)  symmetry  for  ferroelectric  bronzes,  the  electro- 
optic  coefficients  r  ,  of  single  domains  are  given  from  the 
phenomenological  model  of  Cross  i  (  n/.'*'' '  in  terms  of  the  g, 
quadratic  coefficients  of  tht  jirototype  by  relations  of  the 
lorm 

- 

r  =  .  . 

=  '■■■1  =  S’,,/'  <!|.  |8I 

where  r  is  the  electro-oiuic  coefficient,  p  i'  polarization,  and 
I  IS  the  dielectric  constant. 

The  last  relation  is  of  special  interest  in  that  for  a  composi¬ 
tion  clo.se  to  the  .MPB.  hut  a  long  way  Irom  the  ferroelectric 
Curie  temperature,  both  and  t , ,  can  he  very  large  and  can 
he  largely  independent  of  temperature. 

For  orthorhomic  com[)ositions  close  to  the  MPB.  the 
equivalent  relations  are  as  follows"*: 


Now  It  is  and  t , ,  that  will  he  large,  so  that  the  anomalously 
large  and  nearly  tem()erature  invariant  values  ol  r  ,,andr  ,j 
.ire  to  he  exjiei  ied.  A  detailed  descri[)lion  of  the  phenome 
nological  model  has  been  given  by  Cross  i  t  nl.'' 

Ill  the  PI),  _ ,  Ba  iNhO,.  system  Cross  1 7  n/"' ""  have  already 
flemoiislraled  that  it  is  |)ossihle  to  grow  small  crystals  at 
com|iosiiions  I  lose  to  the  PB\  I'O  Issindarv  (ihase  F'oi 


fi-rn 


iv  H  Nt-ur^annkar  and  \\  K 


Viil  H.  Nil.  2  >'ebruar>  19iSli  J.  Opt  Sue.  Am.  B  281 


eiimpiis-itioiis  on  both  sides  of  the  boundarv,  as  expected,  the 
i  quadratic  coefticients  are  largely  temperature  indepen 
dent  as  expected,  and  their  quadratic  coefticients  are  bigger 
than  those  for  SB.N.  With  increasing  lead  content,  they 
have  also  demonstrated  that  the  piezoelectric  coefficients 
df.  and  d_^  (as  shown  in  Fig.  81.  which  are  equivalent  to  rai 
and  r,_..  do  in  fact  escalate  dramatically  as  the  composition 
approaches  the  MPB  and  that  the  values  are  larger  than 
those  for  BaTiOi.  Since  the  Pb'* -containing  crystals  are 
often  difficult  to  grow,  we  have  indentified  other  MPB  sys 
terns  within  the  tungsten  bronze  family,  e.g.,  Ba.>Na- 
Nb  ,0)  -SrjNaNb.O,-,.  Ba jK N b .0 ,  ,-Sr..NaNb-.0| -.. 
and  Sr,'NaNh,sOi-,-Ca_iNaNhi,0;  The  major  advantages 
of  the  MPB  crystals  for  photorefractive  studies  are  the 
tollowing'. 

( 1  I  The  separation  from  the  phase  boundary  is  a  func¬ 
tion  of  composition,  not  temperatures;  i.e..  the  boundary  is 
morphotropic.  so  that  the  very  high  values  of  the  constants 
persist  over  a  wide  temperature  range. 

i_’i  For  compositions  close  to  the  boundary  ri,,  and 
values  larger  than  those  tor  BaTiO  ,  are  possible. 

Cii  since  the  prototype  symmetry  is  4  mrtmi.  only  one 
unique  fourfold  axis  exists  and  tKt®  twins  are  not  possible; 
hence  cracking  is  not  so  severe  a  problem  as  reported  liir 
BaTiO  . 

i4i  Verv  large  transverse  drift  fields  could  be  achieved. 

.At  Hockwell  International,  we  are  devuting  considerable 
effort  to  the  development  of  .MPB  composition  crystals  in 
the  expectation  that  the\  tan  proticle  a  real  breakthrough 
for  detice  appliiutions  based  on  the  photorefractive  effect. 
These  crystals  should  also  he  tieneiicial  lor  other  applica¬ 
tions.  such  as  electro-iiptic  switches  and  modulators,  trails 
t  erse  pyroelectric  focal  plane  arrats.  .'s.AW's.  and  pie/oelec 
trie  transducer.'.  The  potential  he  net  it  in  these  applications 
lU'tities  the  detelopment  ot  these  materials,  although  the 
materials  mav  he  quite  difficult  to  grow  in  appropriate  size 
and  qiialilt . 
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Abstract.  The  Sr,  ,Ba,Nb206  (SBN)  and  Baj  .Sr.K, .  yNayNbsOis  (BSKNN) 
tungsten  bronze  solid-solution  systems  are  shown  to  be  promising  photo- 
refractive  materials.  Because  of  the  versatility  of  the  bronze  structure,  both 
the  response  time  and  spectral  response  can  be  controlled  by  altering  the 
type  of  dopant  and  its  crystallographic  site  preference.  This  paper  reviews 
the  current  status  of  the  tungsten  bronze  crystals  SBN  and  BSKNN  for 
photorefractive  applications  in  terms  of  their  growth,  electro-optic  char¬ 
acter,  and  the  role  of  cerium  dopants.  Ferroelectric  morphotropic  phase 
boundary  (MPB)  bronze  materials  are  also  discussed  as  potentially  im¬ 
portant  for  future  development. 

Subject  terms :  optical  information  processing:  tungsten  bronze  ferroelectrics;  mor¬ 
photropic  phase  boundary:  electro-optic  properties:  pyroetectiic  properties,  di¬ 
electric  properties 
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1.  INTRODL'CTION 

The  ability  to  efficiently  interact  one  light  wave  with  another  is 
the  key  to  a  host  of  applications,  including  optical  computing, 
image  processing,  and  phase  conjugation,  which  are  being  de¬ 
veloped  around  the  world  This  recent  upsurge  of  interest  in 
lightwave  teehnology  has  focused  attention  on  those  materials 
whose  optical  properties  are  sensitive  to  light  and  that  are  there¬ 
fore  known  as  nonlinear  optical  materials  An  important  subset 
of  these  are  photorefractive  materials  in  which  a  change  in  the 
refractive  index  is  induced  by  nonuniform  illumination  via  a 
space-charge  field  and  the  electro-optic  effect. 

Perhaps  the  best  known  of  the  photorefractive  materials  are 
perovskite  BaTiOj  and  tungsten  bronze  Sr,  -  ,Ba,Nb;06  (SBN). 
significant  photorefractive  effects  also  have  been  observed  in  a 
vanety  of  other  electro-optic  crystals  '  '■*  Depending  on  the  cry  s¬ 
tal  structure,  the  dopant  distribution  on  available  crystallographic 
sites,  the  band  gap.  and  the  electro-optic  coefficients  of  a  given 
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crystal,  refractive  index  changes  mas  be  induced  not  only  by 
visible  but  also  by  ultraviolet  and  infrared  radiation. 

This  paper  reports  the  recent  progress  at  Rockwell  Interna¬ 
tional  in  developing  new  photorefractive  materials  based  on  the 
ferroelectric  tungsten  bronzes,  principally  SBN  and 
Ba;-,SrjK|  -  jNaiNbsOi.s  (BSKNN).  Single  crystals  from  these 
systems  exhibit  exceptionally  large  electro-optic  properties,  making 
them  excellent  candidates  for  development  as  photorefractive 
media  From  the  total  group  of  bronzes  studied  in  our  laboratory . 
SBN  and  BSKNN  crystals  were  selected  because  they  possess 
distinctly  different  electro-optic  characters;  that  is.  SBN  shows 
the  largest  sensitivity  with  the  static  and  optical  fields  oriented 
along  the  crystal  c-axis.  whereas  BSKNN  is  most  sensitive  with 
the  static  electnc  field  oriented  along  the  a-axis  and  the  optical 
field  onenied  in  the  a-c  plane.  The  growth  of  these  bronze  crys¬ 
tals  in  optical  quality  and  large  size  has  made  possible  the  sys¬ 
tematic  investigation  of  their  photorefractive  effects  at  our  lab¬ 
oratory  and  at  other  institutions,  including  the  U  S.  Army  Night 
Vision  Laboratory,  the  California  Institute  of  Technology,  and 
The  Pennsylvania  State  University. 

2.  FERROELECTRIC  TUNGSTEN  BRONZE  FAMILY 
CRYSTALS 

Ferroelectric  tungsten  bronze  oxides  have  been  studied  for  their 
electro-optic  and  pyroelectric'^  '  properties  and  are  found  to 
be  effective  in  many  related  applications.  The  bronze  compo¬ 
sitions  can  be  represented  by  the  general  formulas  as 
(Ai)4(A2)2C4Bio0.vo  and  (AiUfAzUBioOvi.  in  which  A,.  A2, 
C,  and  B  are  I5-,  12-,  9-,  and  6-fold  coordinated  sites  in  the 
crystal  lattice  structure.  The  tetragonal  bronze  prototypic  struc¬ 
ture  is  shown  in  Fig,  1  in  projection  on  the  (001)  plane. A 
wide  range  of  solid  solutions  can  be  obtained  by  substituting 
different  Ai.  A2,  and  B  cations, and  a  number  of  different 
types  of  ferroelectric  and  ferroelastic  phases  have  been  identified 
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TABLE  I.  Elactro-optic  m  matricas  for  mmZ  and  4min  bronza 
cryatala. 


Orthorhombic 

(iimZ) 

Tetragona] 

( 4iTvn) 

0 

0 

’"13 

0 

0 

’'13 

0 

0 

’'23 

0 

0 

''13 

0 

0 

'■33 

0 

0 

'■33 

0 

0 

0 

’'51 

0 

'■51 

0 

0 

rti 

0 

0 

0 

0 

0 

0 

0 

0 

A  Be 

Fig.  1 .  Projaction  of  the  tetragonal  tungsten  bronze  crystal  structure 
on  the  (001)  plane. 


TABLE  II.  HaK-wava  field-distanca  products  [E-LK  2  for 
Sti  -  aBaxNb20s' 


f 

X  *  0,2s 

X  =  0.40 

X  =  0.50 

X  -  0.75 

dc 

37  V  dc 

150  V  dc 

250  V  dc 

- 

1  MHr 

80  V  pp 

300  y  pp 

6^6  y  po 

iido  V  pp 

16  MHz 

^8  V  pp 

200  V  DO 

5S0  V  pp 

1235  y  pp 

where  n„  and  are  the  ordinar\  and  e.xtraordinar\  optical  in¬ 
dices.  respectively. 

lioht  nrisn;iaarii>n  nar.vIlL-l  to  ;ind  an  electric 


imore  than  100  compounds  and  solid  solutionsi.  The  terro- 
electric  phases  can  be  divided  into  two  groups:  those  with  te¬ 
tragonal  symmetry  (4mml.  which  are  ferrtielectnc.  and  those 
with  orthorhombic  symmetry  (mm2),  which  are  both  t'erro- 
elecinc  and  ferroelastic 

Crystals  that  are  noncentrosymmetne.  i.e..  lacking  a  center 
of  symmetry,  may  exhibit  both  linear  and  quadratic  electro-optic 
and  elasto-optic  effects.  In  all  of  the  cry  stals  discussed  here,  the 
linear  effects  are  dominant  Thus,  a  linear  change  in  the  optical 
index  of  refraction  can  be  induced  by  either  an  electnc  field 
(electro-optic  effect),  strain  (elasto-optic  effect),  or  nonuniform 
illumination  (photorefractive  effect).  Strain  can  be  produced  by 
an  electric  field  (piezoelectnc)  or  by  stress  (elasticity).  The  ma¬ 
trices  of  the  electro-optic  coefficients  in  the  reduced  matnx  form."'' 
r,).  are  given  in  Table  1 

Generally,  for  the  tungsten  bronze  family  the  electro-optic 
coefficients  rn.  rn.  and  rsi  are  large,  but  they  can  be  substan¬ 
tially  larger  for  compositions  close  to  morphotropic  phase  bound¬ 
aries.  TTie  SBN  solid-solution  crystals  exhibit  exceptionally  large 
electro-optic  coefficients  that  are  based  on  three  independent 
nonzero  moduli:  rii  =  i:i.rj:  =  rsi,  and  r^i  The  largest  electro¬ 
optic  effect  is  observed  for  the  dc  electric  held  parallel  to  the 
single  tetrad  symmetry  axis  xi.  which  is  also  the  polar  (c)  axis, 
and  with  light  propagation  normal  to  the  xi  direction.  The  phase 
retardation  8  in  this  case  is  given  by 


U  —  ,  .  til 

n:  -  nt 

where  (  is  the  path  length.  Xo  is  the  free-space  wavelength,  and 
nl  and  nl  are  the  pnncipal  indices  of  refraction  normal  to  the 
direction  of  propagation  X|  .  In  this  case. 

^  r*  ^  cr 

n^tTiTLi  ,  n^rivt 

0’  =  n„  -  — - —  .  ni  =  n..  -  — - —  .  i-) 


allel  to  the  X|  (a)  axis.  8  is  written  as  abose.  but  for  nj  and 
n;.  given  by 

'vti  ,,, 

n-  =  n„  .  n,  =  n.,  -  n,,  : - r  i.s) 

2in..  '  -  n...  'I 

Crystals  that  have  been  investigated  in  the  SB.N^system  are 
those  for  which  x  =  0.25.  0.4().  0  50.  and  0.75. The  halt- 
wave  field-distance  products  (E■L1;^ ;  at  632.8  nm  for  the  electric 
field  along  x.v.  with  light  propagation  normal  to  x.i  and  polarized 
at  45'  with  respect  to  the  principal  axes,  are  shown  in  Table  II. 
In  SBN:75  (x  =  0  25)  for  a  one-to-one  aspect  ratio  of  electric 
field  path  to  optical  path  leneih.  the  half-wave  field-distance 
product  lE  LJ,  :  is  48  V  at  I.‘v''mHz  ''  Bv  way  ofcompanson. 
this  is  equivalent  to  the  quadratic  effect  in  KTN  at  2000  The 
48  V  required  in  SBN:75  is  also  60  times  smaller  than  the  28(X)  V 
obtained  previously  for  LiTaOv  and  LiNbO.i.'^  Because  of  such 
excellent  electro-optic  properties  for  the  SBN  solid  solution, 
considerable  research  has  been  performed  on  this  as  well  as  on 
other  bronze  systems.  Some  of  the  unique  advantages  of  bronze 
crystals  are  as  follows. 

( 1 )  This  family  of  crystals  possesses  extraordinarily  large  trans¬ 
verse  and  longitudinal  electro-optic  coefficients,  especially 
near  a  morphotropic  phase  boundary  (MPB). 

(2)  A  trade-off  between  sensitivity  and  speed  can  be  investigated 
in  photorefractive  studies  due  to  the  structural  flexibility.  In 
the  tungsten  bronze  structure,  several  crystallographic  sites 
can  be  partially  empty,  which  allows  crystal  compositions 
to  be  tailored. 

(3)  Several  ferroelectric  MPB  compositions  have  been  identified 
in  this  family. 

(4)  The  lower  prototype  symmetry  gives  a  large  family  of  quad¬ 
ratic  electro-optic  g  coefficients  and  the  possibility  of  an¬ 
isotropic  conduction.  The  nonzero  values  are  gn.  giz.  gi3. 
g44.  and  gf,6.  as  compared  to  gi  1 ,  giz.  and  gaa  in  perovskites. 

(5)  In  the  tetragonal  bronzes,  since  the  high-temperature  proto- 
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type  symmetry  is  4mm.  only  one  unique  4-foId  axis  exists, 
and  90°  twins  are  absent;  hence,  crystals  are  not  likely  to 
crack  during  poling. 

3.  TUNGSTEN  BRONZE  S^  STEMS  FOR  OPTICAL 
APPLICATIONS 

As  discussed  in  the  presious  section,  the  tungsten  bronze  family 
offers  a  wide  variety  of  orthorhombic  and  tetragonal  composi¬ 
tions  for  optica]  applications.  Since  the  figures  of  ment  for  electn.'- 
optic  and  photorefractive  applications  are  all  proportional  to  the 
electro-optic  coefficients  of  the  materials,  respectively,  it  is  im¬ 
portant  to  examine  bronzes  that  exhibit  large  electro-optic  ci>ef- 
ficients  and  at  the  same  time  are  relatively  easy  to  grow  in  bulk 
single-crystal  form.  From  extensive  work  in  this  family .  we  have 
found  the  tetragonal  (4mm)  bronze  compositions  to  be  prom¬ 
ising.  and  we  have  grown  a  number  of  tetragonal  bronzes  for 
optical  studies  during  the  past  10  years.  Of  the  total  group  of 
tetragonal  bronzes,  the  SBN  and  BSKNN  solid  solutions  have 
been  studied  in  more  detail  since  the  transverse  and  longitudinal 
electro-optic  coefficients  are  adjustable  in  these  systems.  SBN 
crystals  exhibit  a  strong  transverse  (r.ij)  electro-optic  coeffi¬ 
cient.'  whereas  a  strong  longitudinal  (r.si)  electro-optic  coef¬ 
ficient  IS  anticipated  for  BSKNN  The  phase  relation  and  crys¬ 
tal  growth  problems  associated  with  each  system  are  discussed 
in  the  following  sections,  together  with  the  potential  optical 
interest  in  each. 

3.1.  The  SBN  system 

The  solid-solution  Sri-xBa^Nb.’O^.  0.75  sx  sO.25.  belongs  to 
the  tungsten  bronze  family  ,  as  shown  in  Fig.  2.  even  though  the 
end  members  SrNb^O^  and  BaNbjOh  do  not  exhibit  a  tungsten 
bronze  structure.  This  system  was  originally  studied  by  re¬ 
searchers  at  Bell  Laboratories,  where  SBN:50  crystals  were  grown 
using  the  Czochralski  technique. considering  SBN. .50  to  be 
the  congruent  melting  composition  In  the  mid-197()s.  Honey¬ 
well  researchers’*’  ’’  also  studied  the  growth  of  doped  and  un¬ 
doped  SBN:50  for  pyroelectric  applications  with  considerable 
success  Subsequently.  Japanese  researchers  ‘  reexamined  the 
phase  relation  in  the  SrNb:Oh-BaNb:0^  system  and  reported 
that  Sro (sBao 4Nb;Of,  (SB.N  bOi  is  the  only  congruent  melting 
composition  in  this  system.  The  work  at  Rockwell  International 
also  confirmed  that  SBN:6(i  is  very  close  to  congruent  melting 
and  therefore  is  much  easier  ti'  grow  than  SBN;5()  or  SBN;75 
The  tetragonal  tungsten  bronze  SBN  solid  solution  is  repre¬ 
sented  by  the  formula  t.Ai  )4(  Ao.'BkiOki.  in  which  both  Ba‘ ' 
and  Sr*  *  are  in  the  15-fold  (A|i  and  12-fold  (A;)  ciwrdinated 
lattice  sites.  Since  the  15-  and  12-fold  coordinated  sites  are 
partially  empty  in  this  system.  SBN  is  referred  to  as  an  unfilled 
bronze  Furthermore,  because  of  these  partially  empty  cry.stal- 
lographic  sites,  both  Ba*"  and  Sr**  ha\e  a  considerable  ten¬ 
dency  to  exchange  sites,  often  creating  crystal  strain  and  optical 
stnations.  However,  these  problems  base  been  successfulls 

*  1  ^  _  IJs 

overcome,  and  optical-quality  crystals  are  now  available 

3.2.  The  BSKNN  system 

The  Bai  -  xSr,Ki  -  xNa^NbiOn  compositions  considered  here 
exist  on  the  SrNb;Oft-BaNb:0^-KNb()^-NaNbO^  quaternary 
system  shown  in  Fig.  3.  Although  the  end  members  in  this 
system  do  not  belong  to  the  tungsten  bronze  family  ,  extensive 
tungsten  bronze  regions  have  been  established.  The  compositions 
exhibiting  a  tungsten  bronze  structure  can  be  either  tetragonal 
(4mm)  or  orthorhombic  (mm2),  the  latter  occurring  basically  for 


COMPOSITION 

Fig.  2.  Curie  temperature  versus  composition  for  the  SrNb20s' 
BaNb206  binary  system. 


6aNb20g 


Fig.  3.  The  phase  relation  in  the  SrNb20e-BaNb20e-KNb03-NaNb0] 
quaternary  system. 


Na ' -containing  compositions  such  as  Sr^NaNbsOis  and 
Ba;NaNb,sOis  On  the  other  hand.  K  * -containing  bronzes  are 
typically  tetragonal  at  room  temperature,  except  for  a  few  ma- 
tenals  such  as  Pb:KNbiOis  and  KjLi2Ta50i,';. 

In  the  tetragonal  BSKNN  system,  the  relative  magnitudes  of 
the  transverse  (ri3)  and  longitudinal  (rsi)  electro-optic  coeffi¬ 
cients  are  strong  functions  of  both  the  Ba:Sr  and  K;Na  ratios. 
Since  these  properties  are  important  for  optical  studies,  our  work 
has  concentrated  on  the  binary  join  between  BSKNN- 1  and  BSNN- 
4.  shown  in  Fig.  3.  Although  Yuhuan  and  Cross*  successfully 
grew  a  few  BSKNN  compositions,  they  did  not  fully  establish 
the  phase  diagram  for  this  system.  We  have  expanded  on  this 
early  work  and  have  systematically  studied  this  system;  pan  of 
this  work  is  published  elsewhere.*’  In  the  binary  join  between 
BSKNN- 1  and  BSNN-4  in  Fig.  3.  BSNN-4  is  orthorhombic  at 
room  temperature  and  is  a  pan  of  the  SriNaNbsOis-Ba^NaNbsOis 
system.  This  system  was  studied  by  Oliver et  al..^'  and  a  possible 
morphotropic  phase  boundary  was  found  at  x  =  1.2 
(Sri  jBao  uNaNbxOij).  Because  of  the  MPB  region  in  this  sys¬ 
tem.  BSKNN  compositions  that  lie  close  to  this  boundary  also 
should  exhibit  enhanced  electro-optic  and  ferroelectric  proper¬ 
ties. 


*Xu  Vuhuan  and  L  E  Cross,  pnvat€  communicadon  (1981) 
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TABLE  III.  Growth  conditions  for  tungsten  bfonie  SBN  and  BSKNN  crystals. 


Growth  Condition 

SBN:75 

SBN: 60 

BSKNN -1 

BSKNN-2 

BSKNN-3 

Growth  Temperature  (*C) 

-  1500 

-  1510 

U80 

1475 

1475 

Growth  Atmosphere 

Air  or  0^ 

Air  or  0^ 

Air 

Air 

Air 

Size  Cubes  Available 

-  6  to  8  mm 

10  to  25  mm 

5  to  6  mm 

6  to  8  mm 

10  mm 

Crystal  Size 

-  2.0  cm 

-  3.0  cm 

-  1.0  cm 

-  1.5  cm 

-  1.5  cm 

Crystal  Shape 

Cylindrical 

Cylindrical 

Square 

Octahedron 

Octahedron 

Facets  (I001|  gro\«th) 

24 

2a 

A 

8 

B 

Crystal  Color  (without  Cel 

Pale  Cream 

Pale  Cream 

Colorless 

Colorless 

Colorless 

Ce^*  In  15-  or  IZ-Fold 

Pink 

Pink 

Pink 

Pink 

Pink 

Ce^*  In  9-Fol() 

Green-Yel low 

Green- Yellow 

Green-Yellow 

Green-Yellow 

Green-Yellow 

In  contrast  to  SBN  crystals.  BSKNN  has  all  of  the  15-  and 
12-fold  coordinated  sites  hiied.  For  this  reason.  BSKNN  com¬ 
positions  show  quasi  hrst-order  ferroelectric  phase  transition  be¬ 
havior  with  reduced  relaxor  (frequency-dependent)  effects  com¬ 
pared  to  SBN.  The  results  of  our  investigations  suggest  that 
relaxor  behavior  may  depend  on  the  distribution  of  Ba"  *  and 
Sr"^  over  the  15-  and  12-fold  cixirdinated  sites,  as  well  as  on 
crystal  annealing  conditions. 

4.  GROWTH  OF  TLNGSTEN  BRONZE  CRYSTALS 

The  growth  of  orthorhombic  (mm2)  and  tetragonal  (4mm)  bronze 
cry  stals  has  been  a  subiect  of  great  interest  for  many  years,  and 
considerable  progress  has  been  made  in  the  growth  of  cry  stals 
of  suitable  size  and  quality.  Future  goals  involve  the  develop¬ 
ment  of  large-scale  SBN  and  BSKNN  growth  facilities  to  rou¬ 
tinely  grow  4  to  5  cm  diameter  cry  stal  bouies.  Based  on  current 
work,  the  development  of  such  large  high-quality  cry  stals  should 
now  be  feasible 

The  tetragonal  SBN  and  BSKNN  solid  solutions  are  com¬ 
paratively  easier  to  grow  than  orthorhombic  crystals.  Neur- 
gaonkar  et  al.  "’’''  extensively  studied  the  problems  associated 
with  these  crystals  and  successfully  established  the  necessary- 
conditions  for  Czochralski  crystal  growth.  Table  III  lists  the 
growth  conditions  for  a  number  of  key  tungsten  bronze  materials. 
Although  larc--  crystals  have  been  developed  from  these  com¬ 
positions,  sever..;  problems  are  associated  with  their  growth; 

( 1 )  Multicomponent  solid-solution  systems:  it  is  difficult  to  es¬ 
tablish  the  true  congruently  melting  compositions 

(2)  High  material  melting  temperatures  (above  1450°C);  vola¬ 
tilization  and  oxidation-reduction  problems  (Nb'  *  Nb^  *  ) 
are  common. 

(3)  Exchange  among  crystallographic  sites,  specificallv  of  the 
15-  and  12-fold  coordinated  ions  such  as  Ba'*  .  Sr^* .  K  ’ , 
and  Na*  .  which  causes  severe  striation  problems. 

(4)  Cracking  of  crystals  when  passing  through  the  paraelectric.' 
ferroelectnc  phase  transition  temperature.  For  tetragonal 
crystals,  this  is  less  severe  than  for  the  orthorhombic  forms, 
but  it  is  still  a  concern  for  BSKNN.  K.iLi;NbsOi5  (KLN). 
etc. 

The  congruent  melting  composition  SBN:60  is  the  easiest  to 
grow  in  large  sizes  up  to  2  to  3  cm  in  diameter,  as  shown  in 
Fig.  4.  Two  other  compositions.  SBN:75  and  SBN:50.  also  have 
been  grown  in  optical  quality  by  carefully  controlling  the  melt 
temperature  dunng  growth  Since  these  latter  compositions  are 
far  from  true  congruent  melting,  it  is  noteworthy  that  optical- 
quality  crystals  of  sizes  up  to  1.5  cm  in  diameter  have  been 
achieved  in  both  doped  and  undoped  forms  (Fig.  4). 


Fig.  4.  Typical  SBN  and  BSKNN  single  crystals  grown  along  the  (001) 
direction. 


mm/cm 


Fig.  S.  Typical  BSKNN  single  crystals  grown  along  the  (001)  direc¬ 
tion. 


The  congruent  melting  composition  for  the  BSKNN  system 
has  not  been  conclusively  established;  however,  the  ease  of 
growth  of  BSKNN-2  (Table  III)  suggests  that  the  congruent  melting 
composition  lies  near  this  composition.  Notwithstanding  this 
uncertainty,  optical-quality  crystal  growths  have  been  obtained 
for  BSKNN- 1 .  BSKNN-2.  and  BSKNN-3.  as  shown  in  Fig.  5 
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'001 


BSKNN  2  BSKNM  1 


SB\  6, 

Fi<j  6.  idealized  forms  of  tungsten  bronze  crystals.  Top — large  lon¬ 
gitudinal  effects;  bottom— large  transverse  effects 

for  BSKNN- 1  and  BSKNN-2  The  resuliN  indicate  that  I'acior- 
of  major  concern  in  obtaininc  optical-qualilc  lunJ:^tcn  bron/e 
crystals  are 

( 1 1  Impurities  in  starting  materiaN.  Ca' '  .  He'  .  Mg'  ’ .  etc 
(2)  Rotation  and  pulling  rates  Optimum  rates  are  needed  to 
control  temperature  mstabiliis  ansing  trom  poor  thermal 
conductivity 

(3i  Cwling  rate  variation  Sr' '  and  Ba' '  distribution  changes 
on  the  15-  and  12-fold  coordinated  sites  lor  different  cooling 
rates 

A  most  staking  and  uncommon  feature  of  these  tetragonal  bron/e 
cry  stals  is  that  the;,  all  shoss  natural  facets.  The  bronzes  exhib 
iting  large  transverse  effects,  e  g.,  SBN:60.  SBN;75.  and 
SriKNbsOis  (SKNi.  are  c>lindncal  in  shape  and  exhibit  24  well- 
defined  facets.'*'  whereas  bronzes  exhibiting  large  longitudinal 
effects,  e  g..  BSKNN.  Pbu hBat, 4Nb:06  (PBN;6t)).  and  KLN. 
have  a  square  or  octahedral  shape,  depending  on  the  size  of  the 
crystal  unit  cell.  For  BSKNN  compositions,  the  larger  unit  cell 
BSKNN-2  and  BSKNN-.5  grow  in  an  octahedral  shape,  with 
eight  well-defined  facets.*  Figure  6  shows  the  idealized  forms 
of  bronze  cr>'stals  The  results  of  our  investigation  of  the  BSKNN 
system  indicate  that  as  one  moves  toward  the  BSNN-4  end  mem¬ 
ber  composition,  transverse  optical  effects  become  large;  hence, 
we  expect  that  beyond  the  BSKNN-.3  composition,  the  crystal 
habit  should  be  nearly  cylindncal.  as  is  the  case  for  bronze 
SBN:60, 

5.  FERROELECTRIC  AND  OPTICAL  PROPERTIES 

The  dielectnc  properties  at  10  kHz  for  bronze  SBN:60  are  shown 
in  Fig  7  as  a  function  of  temperature  for  a-  and  c-axis  (polar) 


TEMPERATURE  (  Cl 


Fig.  7.  Temperature  dependence  of  the  dielectric  constant  for  SBN:60. 
Solid  line — e-axis  (polar);  dashed  line — a-axis. 


crystals.  Similar  to  other  ferroelectnc  materials,  the  polar  axis 
dielectric  constant  shows  a  very  large  anomaly  at  the  Curie  phase 
transition  temperature  Tt.  which  for  SB.N:60  occurs  nominally 
at  75°C.  Below  Tc,  the  dielectric  constant  decreases  monoton - 
ically  to  a  value  of  900  to  950  at  room  temperature.  Along  the 
nonpolar  a-axis.  only  a  small  discontinuity  is  seen  at  T^.  below 
which  the  dielectric  constant  remains  relatively  flat  with  tem¬ 
perature.  with  a  value  of  450  to  500  at  room  temperature.  Other 
SBN  compositions  show  similar  behavior  but  with  differing  val¬ 
ues  for  Tc  (120T  for  SBN:.50.  56T  for  SBN;75), 

SBN  crystals  that  have  been  poled  to  a  single  ferroelectric 
domain,  achieved  by  applying  electric  fields  of  6  to  10  kV/cm 
dunng  slow  cooldown  from  above  the  phase  transition  (90°C). 
show  minimal  frequency  dependence  of  the  low -frequency  di¬ 
electric  properties  at  or  below  room  temperature  <29c  dispersion 
over  100  Hz  to  1CK3  kHz).  However,  as  T,  is  approached,  a 
strong  dielectric  relaxation  behavior  is  observed. '  and  therefore 
SBN  cry  stals  are  referred  to  as  relaxor  ferroelectrics.  This  be¬ 
havior  results  from  the  distribution  of  phase  transition  temper¬ 
atures  in  the  bulk  of  the  crystal  arising  from  the  lattice  site 
uncenainty  of  the  Sr  and  Ba  ions  in  the  partially  filled  lattice 
structure.  In  SBN:60.  this  transition  temperature  distnbution  is 
estimated  to  be  3  to  7=C  in  width. 

The  effects  of  a  distribution  in  phase  transition  temperatures 
are  especially  evident  in  the  behavior  of  the  spontaneous  polar¬ 
ization  Ps  derived  from  measurement  of  the  pyroelectric  coef¬ 
ficient  p  as  a  function  of  temperature,  both  of  which  are  shown 
in  Fig.  8  for  SBN:60.  The  notable  feature  in  this  figure  is  that 
Ps  has  a  nonzero  value  well  above  Tc  as  a  result  of  the  distribution 
of  phase  transition  temperatures  in  the  crystal.  Below  Tc.  Ps  rises 
smoothly  to  a  value  of  33  p.C/cm'  at  room  temperature.  The 
large  pyroelectric  coefficient  at  room  temperature  (0.10 
(jLC'cm'*-K' ')  is  the  reason  that  SBN  also  has  been  found 
interesting  for  uncooled  pyroelectric  thermal  imaging  investi¬ 
gations. 

Crystals  in  the  BSKNN  solid-solution  system  are  character¬ 
ized  by  significantly  higher  Tc  values  than  found  for  SBN  com¬ 
positions.  The  10  kHz  dielectric  properties  for  BSKNN-1,  our 
original  BSKNN  composition  grown  in  bulk  single-crystal  form, 
are  shown  in  Fig.  9  for  the  a-  and  c-axis  (polar)  crystallographic 
orientations.  Like  SBN.  the  polar  axis  dielectric  constant  is  char¬ 
acterized  by  a  sharp  dielectric  anomaly  at  the  ferroelectric  phase 
transition  temperature  Tc.  which  for  BSKNN- 1  occurs  at  203  to 
208°C.  Below  Tc,  the  c-axis  dielectric  constant  decreases  mono- 
tonically  to  approximately  100  at  room  temperature.  Along  the 
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TEMPERATURE  rCI 

Fig.  8.  Spontaneous  polarization  P,  and  pyroelectric  coefficient  p  as 
a  function  of  temperature  for  SBN:60. 


TEMPERATURE  I  C) 

Rg.  9.  Temperature  dependence  of  the  dielectric  constant  for  BSKNN 
crystals.  Solid  line — c-axis  (polar);  dashed  line—  a-axis. 


a-axis,  only  a  slight  dielecinc  anomaly  is  observed  at  the  Cune 
point,  with  a  value  nearly  two  orders  of  magnitude  smaller  than 
for  the  c-axis  However,  the  a-axis  dielectric  con.stant  remains 
relatively  flat  below  T,.,  so  at  room  temperature  it  is  nearly  four 
times  larger  than  the  c-axis  constant.  Below  room  temperature, 
it  then  rises  gradually  to  a  value  of  470  at  -  150°C. 

The  low-frequency  dielectric  properties  of  BSKNN-2.  also 
shown  in  Fig.  9.  are  similar  in  overall  behavior  to  those  for 
BSKNN- 1.  However,  BSKNN-2  has  a  lower  Curie  point  (170 
to  1 78‘’C).  which  contributes  in  part  to  its  higher  c-axis  dielectric 
constant  of  170  (poled)  at  room  temperature.  The  a-axis  dielec¬ 
tric  properties  for  BSKNN-2  are  also  considerably  larger,  with 
a  dielectric  constant  of  750  at  room  temperature,  rising  to  above 
1000  at  -  150°C.  values  that  are  a  factor  of  2  or  more  greater 
than  for  tungsten  bronze  SBN:60  single  crystals. 

The  most  recently  developed  BSKNN  crystal  composition. 
BSKNN-3,  has  dielectric  behavior  strikingly  similar  to  that  shown 
for  BSKNN-2.  with  a  Tc  only  3  to  5’C  higher  (Fig.  9).  The 


Fig.  10.  Spontaneous  polarization  P,  and  pyroelectric  coefficient  p 
as  function  of  temperature  for  BSKNN-2. 


major  difference  observed  is  a  more  gradual  decline  in  the 
c-axis  dielectric  constant  below  Tt,  resulting  in  a  room-temperature 
value  of  270.  The  a-axis  behavior  of  BSKNN-3.  on  the  other 
hand,  is  virtually  unchanged  from  that  of  BSKNN-2. 

The  spontaneous  polanzation  and  pyroelectric  coefficient  as 
a  function  of  temperature  for  BSKNN-2  are  shown  in  Fig.  10. 
Like  SBN.  the  spontaneous  polanzation  has  a  nonzero  value 
above  the  mean  Curie  point  T.:;  however,  both  the  polarization 
and  dielectric  data  indicate  that  BSKNN  compositions  have  a 
much  narrower  distribution  of  phase  transition  temperatures  (2 
to  3°C)  than  does  SBN  60.  This  is  a  reflection  of  the  fact  that 
in  BSKNN  compositions,  all  of  the  .A|  and  A:  lattice  sites  are 
filled,  unlike  m  SBN.  where  up  to  20^f  of  these  sites  can  be 
vacant.  Below  T^.  the  polanzation  of  BSKNN-2  rises  sharply 
and  attains  a  value  of  34  p.C  cm'  at  room  temperature,  a  value 
roughly  equal  to  that  for  SBN:60.  This  high  spontaneous  po¬ 
larization.  combined  with  the  high  a-axis  dielectric  constant, 
implies  that  BSKNN-2  (and  BSKNN-3 )  should  have  a  very  large 
rsi  electro-optic  coefficient. 

The  ferroelectric  and  electro-optic  properties  of  the.se  bronze 
compositions  are  summarized  in  Table  IV.  .^11  of  the  quantities 
shown  have  been  measured  except  rsi.  which  is  presently  under 
evaluation.  In  the  table,  rsi  is  estimated  from  the  phenomeno¬ 
logical  relation 

1,1  =  2g«P,tneo  . 

where  gaa  is  the  quadratic  electro-optic  coefficient  of  the  high- 
temperature  (paraelectnc)  prototype.  Pi  is  the  c-axis  polariza¬ 
tion,  ei  i  is  the  a-axis  dielectric  constant,  and  eu  is  the  permittivity 
of  vacuum.  The  value  of  g44  is  estimated  to  be  0.09  m  /C*  from 
measurements  on  SBN  crystals;  however,  there  is  evidence  that 
the  quadratic  electro-optic  g  coefficients  may  not  be  constant 
across  the  family  of  tungsten  bronze  compositions.  In  particular, 
the  rsi  values  estimated  for  the  BSKNN  compositions  in  Ta¬ 
ble  IV  may,  in  fact,  significantly  underestimate  the  true  values. 
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TABLE  IV.  Ferroelectric  and  optical  properties  of  bronze  crystais. 


f’ropert> 

Sr,-xBa,Nb2 

Oe  (SBN) 

l.yNayNbjOjj 

(BSKNN) 

SBN: 75 

SBN; 

60 

eSKNN-1 

BStCNN-2 

BSKNN- 3 

Tc  CO 

5f 

78 

?09 

175 

leo 

Dlelect'^ic  Constant  (?3‘C) 

tvx  =  300C 
c,i  =  500 

‘33  = 
‘11  • 

900 

450 

<33  =  120 
<11  =  360 

<33  *  170 
cij  '  750 

<33  ■  270 
<11  *  78C 

Piezoelectric  Coefficient 
(.  10"-  C/N) 

^33  ' 

di5  - 

130 

40 

^33  =  60 
di5  »  80 

^33  * 

di5  «  200 

Electro-optic  Coefficient 
(v  10'!:  m/V) 

r33  =  140C 
=  42 

'‘33  ' 
'■51  = 

470 

42 

*"33  “ 

r5j  =  200 

*^33  *  ^ 
rji  -  350 

r33  -  270 
rjj  -  400 

table  V.  Electro-optic  figure  of  merit  for  leading  ferroelectric  crystals. 


Crystal 

Dielectric 

Constant 

Electro-Optic 

Coef  f  icien*. 

10' • '  m/V 

'1! 

‘33 

’"33 

’'51 

r,j/< 

S^c  (SBN;75) 

500 

3'70”* 

MOO 

42 

0.467 

5.60 

SX(3  fBajj  ^Nb,0j  (SBN;60 

450 

90C 

420 

42 

0.522 

e.?E 

S'j_,Ca,NaNbc0]5  (SCnm 

TOO 

r?: 

:  IBCO 

- 

0.47C 

5.65 

190C 

so: 

- 

>  1600 

0.840 

10.10 

BSkns.  1 

360 

12C 

15: 

o 

o 

0.550 

6. 6’ 

BSkns.2 

7g: 

170 

I’C 

35C 

0.50C 

6.00 

BSKNN-’ 

?■: 

-  27j 

-  400 

0.510 

6.15 

BaTiCj 

4:c: 

15’: 

8C 

1600 

0.390 

4.01 

KNbtj 

95: 

2c: 

6' 

38C 

0.4 

4.20 

TABLE  VI.  Comparison  between  leading  photorefr  ve  crystals _ 

TU’ISS'EY  B»C1s:E  BSYSS  PEROVSKITE  BsTIOj 


*  Le’'3e  lo'-.cuji’'";'  'c,..  avillar’f 

*  Encelle'^t  ncs*.  fc  chotcref'-jctive  ans  e'lect'':- 
octlc  aosl  Icat'or.s 

*  Large  square  anq  octoPedror.  crystals  (?  1.5  c*’' 
wltr  optical  quality  car  be  grow'. 

*  Absence  of  twinning  (4/mnin  -•  dtnr) 

*  Absorption  and  response  controlled  1n  the  desired 
spectral  range  using  proper  crystallographic 
site/sites  for  a  given  dopant 

*  No  tetragonal  to  orthorhorSIc  transition 
observed  down  to  In  terperatu'e 

*  Open  structure  -  structural  flexibility  to  alter 
crystal  COnposUlon 


*  Large  longitudinal  r^, ,  d^j,  available 

’  Excellent  host  for  photorefractive  and  electro¬ 
optic  applications 

*  Pure  BaTIOj  crystals  are  available  up  to 
1x1x1  zr^ 

*  90"  twins  are  present  (mBm  — •  4)ir) 

*  Controlled  spectral  response  with  dopants 
possible,  but  difficult 

*  Tetragonal  to  orthorhonblc  transition  occurs 
at  10"C 

*  Close-packed  structure;  limited  compositional 
flexibility 


based  on  the  observed  discrepancies  between  theoretical  and 
experimental  values  for  rit.  However,  this  awaits  further  ex¬ 
perimental  confirmation 

Table  V  summanzes  the  optical  figures  of  merit  n'ri/e  and 
r.j/e  for  a  number  of  tungsten  bronze  and  perovskite  crystals, 
including  SBN  and  BSKNN.  For  phase  conjugation  (self-pumped), 
image  processing,  and  optical  computing  applications,  the  rel¬ 
evant  figure  of  merit  can  be  taken  as  n  r,|'€.  which  has  been 
found  to  be  larger  for  many  tungsten  bronze  crystals  than  for 


perovskites.  In  the  case  of  bronze  crv'stals  exhibiting  large  Ion 
gitudinal  electro-optic  effects,  there  is  a  possibility  of  raisin; 
this  merit  further  simply  by  cooling  below  room  temperature 
For  example,  in  BSKNN  crystals,  both  en  (and  therefore  rji 
and  the  spontaneous  polarization  increase  upon  cooling  to  liqui 
nitrogen  temperature 

Table  VI  summarizes  the  comparison  between  tungsten  btonz 
BSKNN  and  perovskite  BaTiOj  crystals  Both  crystals  are  ex 
cellent  for  electro-optic  and  photorefractive  applications.  BaTiO 
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crystals  are  commercially  available,  and  as  a  consequence  they 
are  extensively  studied  for  optical  applications.  However.  BaTiOj 
is  relatively  difficult  to  grow  as  compared  to  BSKNN  solid- 
solution  crystals.  The  two  major  advantages  of  BSKNN  crystals 
over  BaTiOi  are  that  ( 1 )  no  twinning  or  poling  problems  exist 
due  to  the  simple  tetragonal-tetragonal  phase  transition 
(4/mmm  to  4mm),  and  (2)  cooling  can  enhance  the  figure  of 
merit  (decrease  in  piolar-a.xis  €31  and  increase  in  rsi)  because  the 
tetragonal-orthorhombic  phase  transition,  if  any,  lies  at  or  below 
liquid  nitrogen  temperawre,  as  opposed  to  —5  to  10°C  in  BaTiOx 

The  availability  of  large  size,  optical-quality  SBN  and  B.SKNN 
crystals  opens  up  a  variety  of  new  optical  device  concepts,  in¬ 
cluding  phase  conjugation,  image  processing,  and  optical  com¬ 
puting.  Because  of  the  versatility  of  this  family,  either  rii  or  r^i 
can  be  made  large  for  specific  device  needs  by  changing  the 
composition  in  either  the  SBN  or  BSKNN  system. 

6.  PHOTOREFRACTIVE  PROPERTIES 

To  provide  an  appropnaie  context  for  the  discussion  of  material 
development,  the  projected  applications  of  phoiorefractive  ma¬ 
terials  and  the  physical  basis  for  the  optical  effects  that  make 
these  applications  possible  should  be  considered  in  some  detail. 
These  applications  include  real-time  holography,  optical  data 
storage,  and  phase-conjugate  wavefront  generation  Recently, 
increasing  attention  has  been  focused  on  using  coherent  signal 
beam  amplification  in  two-wave  mixing.  These  new  applications 
include  image  amplification,  vibrational  analysis,  nonreciprocal 
transmission,  laser  gyro  biasing,  and  optical  computing 
All  of  these  applications  share  a  need  for  liKal  changes  in  the 
optical  refractive  index  produced  by  nonuniform  illumination. 
The  issues  connected  with  the  phvUorefractive  effect  include  the 
material  sensitivity  to  illumination  and  the  speed  with  which  the 
index  can  be  made  to  change. 

In  photorefractive  crv'tals.  light-induced  free  carriers  excited 
in  an  illuminated  region  ot  the  crystal  migrate  to  the  dark  regions, 
w  here  they  are  trapped  The  resulting  space  charge  generaies  an 
electric  field  E..  which  gives  nse  to  a  refractive  index  change 
An  through  the  linear  electro-optic  effect 

An  -  n‘r  .  '.<• 


where  r,,  is  the  electro-optic  coeflicient  The  space-charge  field 
E|  generated  by  charge  displacement  and  retrapping  is  given  by'' 


where  p  is  the  charge  density  and  e  is  the  dielectric  constant 
The  current  density  J  is  a  function  of  both  the  distance  x  and 
time  t.  In  general.  Jlx)  is  quite  complex  and  is  a  function  of  the 
light  intensity  lix i: 


Jlx)  -=  trlxiiE,  E..„i 


dn 

Kali  X I  eD  — 
dx 


dT  dn 


(7l 


The  first  lerm  is  the  liK'al  conduction  in  a  field,  which  is  the 
sum  of  the  space-charge  and  possible  external  components,  and 
the  second  term  is  the  volume  photovoltaic  effect  The  third 
term  is  due  to  free-carrier  diffusion  (D)  dnven  by  the  concen¬ 


•  SfFKStT/Vtry  no  ^  J 

•  SPEED  I  ’  "S*. 

•  DIFFRACTION  EFFICIENCY 

Fig.  11.  Factors  determining  the  photorefractive  sensitivity  and  speed 
in  ferroelectric  crystals. 


tration  gradient  (dn/dxl.  while  the  fourth  and  fifth  terms  are 
transient  phenomena  due  to  pyroelectric  (pi  and  excited-state 
polarization,  respectively.  In  view  of  the  complexity  of  the  phe¬ 
nomena  contnbuting  to  J(x).  it  is  difficult  to  predict  E,  values 
in  a  new  crystal.  Since  the  electro-optic  coefficient  in  a  given 
crystal  is  more  or  less  independent  of  minor  substitutions,  the 
improvement  in  photorefractive  sensitivity,  efficiency,  and  speed 
Within  a  single  composition  has  to  come  from  the  magnitude 
and  speed  of  the  buildup  of  the  electnc  field  E,  For  this  reason, 
researchers  in  several  laboratories  around  the  world  are  concen¬ 
trating  on  finding  suitable  electrically  active  dopants  for  those 
matenals  having  large  electro-optic  coefficients 

No  single  material  combines  all  of  the  desired  photoretractive 
features;  hence,  a  large  number  of  ferroeiectnc  crystal  compo¬ 
sitions  have  been  grown  and  characterized  to  determine  possible 
trade-offs  between  sensitivity  and  speed.  The  nonferroelectric 
Bli:SiO;i)  crystal  has  the  desired  response  time  ( •-  I  mst.  but  its 
photorefractive  sensitivity  ichange  in  refractive  index  per  ab¬ 
sorbed  energy  density.  Ref  .‘'It  is  moderate  becaus'  r,,  is  low. 
On  the  other  hand,  all  ferroelectric  crystals  have  exceedingly 
high  sensitivity  but  moderate  response  speeds.  To  use  these 
ferroelectric  cry  stals  for  dev  ice  applications,  their  response  times 
must  be  reduced  to  the  order  of  1  ms  or  better;  this  is  a  key 
issue  in  ferroelectric  crystal  development.  Figure  1 1  shows  the 
generic  topics  that  need  to  be  addressed  to  determine  the  trade¬ 
off  between  scnsitivitv  and  speed  in  a  ferroeiectnc  crystal,  such 
as  .SBN:60. 

Since  the  electro-optic  coefficient  is  largely  unaffected  by 
most  impurities,  space  charge  can  be  controlled  by  adding  spe¬ 
cific  impunty  levels  to  the  crystal.  It  is  now  well  established 
that  doping  crystals  with  impunties  readily  photoionized  by  in¬ 
cident  optical  radiation  greatly  increases  the  susceptibility  of  the 
crystals  to  index  changes,  .Megumi  et  al.'"  reported  that  the 
addition  of  Ce  *  produces  a  broad  absorption  in  SBN;60  crys¬ 
tals.  thereby  increasing  the  sensitivity  considerably  .  Undoped 
SNB.bO  is  transparent  in  the  visible  range,  with  its  fundamental 
absorption  edge  at  about  0.}7  p.m;  the  addition  of  Ce  develops 
a  distinct  but  broad  absorption  edge  around  0.50  pm  that  differs 
markedly  from  the  intrinsic  absorption  edge.  Ce  photoionizes 
via  the  reaction 

Cc'"  ■•-  hv  Cc^  ’  -s  e  (cond'ictioni  . 

and  from  work  on  SBN;60."  it  appears  that  both  the  Ce'*  and 
Ce'*  valence  states  are  present.  The  photorefractive  sensitivity 
improves  from  10  to  10  cm'  J  with  Ce  doping.  This  is  two 
orders  of  magnitude  higher  than  for  LiNbOi  doped  with  Fe  *  , 
U''*.  and  Rh^*  ""' 
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TABLE  VII.  Influence  of  dopants  on  spectrel  response. 


DOPANTS 

VALANCE  STATES 

COLOR 

CRYSTALLOGRAPHIC  SITES 

SPECTRAL 

RESPONSE 

15FOLD 

12  FOLD 

9  FOLD 

6FOLD 

CERIUM  (Cal 

Ca^^/Ca^* 

PINK 

Ce3- 

Ce^*’ 

0  45  TO  0  50 

IRON  IFc) 

Fa^-iFa^' 

YELLOW 

- 

- 

- 

Fa^'/Fa^' 

0  62  TO  0  67 

IRON  (Faf 

Fa^^Fa^* 

GREEN 

- 

- 

- 

Fa^*/Fe3* 

0  68 

Ca  ->-  Fa 

Ca^-'  Fa^* 

PALE  Pink 

Ce3^ 

Ce3* 

- 

Ca3*^Fa3* 

0  45  TO  0  65  Mm 

MANGANESE  IMnI 

Mn^'^’/Mn^"*' 

- 

- 

- 

- 

- 

Ca  -►  M^^ 

Ca3- 

GREENISH  YELLOW 

M 

M 

Ce3* 

- 

0  62  TO  0  75  Mm 

•HEAVY  CONCENTRATION  OF  Fe 

••BIGGER  concentrations  IN  15-  AND  12  FOLO  COORDINATED  SITES 


TABLE  VIII  Goals  for  photorefractive  studies  and  current  status  of  Ce-doped  tungsten  bronze  crystals 


Observed  Properties* 

Des  ■’  T-ed  Prope’‘t  Ips 

Ce-Dcrei  SE*.:6: 

Ce-Dopea  SBSitE 

Ce-Doped 

8S>:ns 

•  C  T 

Se-<  ■  t •  t..  -  I.'"'-  -  cr‘ 

•7 

,  ■} 

'  fC"' 

-  jC" 

■■  1C‘" 

.a-«  Cce'-ce-: 

■  :--- 

'  3  3  cr-'  ‘ 

a  K  CT-! 

3 

Ld-'g?  S'x'e  3’“:  0:t’ca‘  Oca' 

2  1 .i  C • c . 

-  2.C  ciT  dia. 

-  1.5  c-  C‘a 

4' 

U'ge  ; 'e:;-:--;:’.';  Coe'r-c 

r3^  =  v 

'y.  =  la3C  .  IT,  . 

Tj]  >  ac:  .  : 

r/. 

c  . 

2-  i-:  i-Ma.e  v  . 

Fescc'se  .  ;  rs 

?  5v  Ts  at 
€  ^ 

>  32C'  rrs  at 

6  h.'c’*- 

?  IOC  IT'S  at 
£  W/c'’- 

6 

fas*.  Fescc'se  ~ 

'Tc* 

l.£  s  at  2  W/cr*- 

f.6  s  at  r  M 

1  . 

fast  Eea*  fa^-ii-.;  FesEC-se 

T  T  *“5 

C.Ci  s  at  r  - 

0.35  s  at  3  l/ct" 

C.6  s  at  2  W' 

S ' 

S:ecfa'  Fes::-se  iC.3  t: 
?.t 

C.4r  tc  i.C 

C.as  tt  I.C 

c.as  tc  ;.c  . 

,r 

•Pr'olofe'raciive  prope^'es  ■rr’p'ove  pp:  m.reo  Ce  cpncenirat  o'- 

Rale^epce?  36  50  63 


Recentlv ,  Neurjiaonkar  ci  al successlull)  demonstrated  the 
growth  ol  Ce-  and  Fe-doped  SB\;60  single  snstals  as  part  ol 
an  effort  to  studs  the  role  of  these  ion--  in  photorelractise  device 
applications  This  work  was  extended  to  BSKNN.  and  approx 
imatels  I  to  2  cm  diameter  Ce-  and  Fe-doped  SBN:6()  and  BSKNN- 
2  crystals  have  now  been  grow  n  using  the  CzochralskI  technique 
The  doping  of  SBN  bfi  and  BSKNN-2  with  Fe  and  with  Fe  and 
Ce  together  has  not  been  done  previousis  Fe  is  expected  to 
prtxiuce  interesting  results,  as  it  has  done  in  other  femselectnc 
crystals,  e  g..  LiNbOi  and  KNbOc  ;  however.  Fe-doped 
bronze  crystals  are  highly  striated  under  all  growth  conditions, 
with  the  stnations  vers  difficult  to  suppress 

On  the  other  hand.  Ce-doped  bronze  crystals,  e  g..  SBN;6(i. 
SBN;7.‘i,  and  BSKNN-2.  show  minimal  or  no  stnations  and  arc 
of  optical  quality.  In  the  tungsten  bronze  structure.  Ce’*  and 
Ce'*  *  are  expected  to  occupy  the  1 2-  and  9-fold  coordinated 
sites,  while  Fe'*  and  Fe  '  are  expected  to  occupy  the  6-fold 
coordinated  sites.  Our  results  suggest  that  the  existence  of  stna 
tions  in  these  crystals  depends  strongly  on  the  type  of  dopant 
and  Its  !>)cation  in  the  structure  Since  Mn' '  /Mn  ‘ .  Cr’ '  /Cr'" ' . 
Co‘'  'Co  *  .  Ti  *  Ti'*'  .  etc  .  have  ionic  sizes  and  site  prefer¬ 
ences  similar  to  Fe  *  .  it  would  be  interesting  to  also  check  their 
influence  on  stnations  The  spectral  responses  for  a  few  transition 
metal  ton  dopants  have  been  evaluated  from  ceramics  and  so¬ 
lidified  melts  and  are  summanzed  in  Table  \TI 


The  development  of  stnatit'n-iree  Ce-doped  SBN:60.  SBN:7.s, 
and  BSKN\-2  cry  stals  makes  possible  the  evaluation  ol  phoit>- 
refractive  propenies.  specifically  .sensitivity,  speed,  and  cou¬ 
pling  coefficieni  Typical  b  x  6  x  p  mni  cubes  were  used  in  two- 
and  four-wave  mixing  expenments  for  these  studies  More  re¬ 
cently.  larger  SBN.6()  and  SBN.75  cubes  up  to  2t'  x  20  x  20  mm 
were  produced  for  this  work,  as  shown  in  Fig.  1 2.  Measurements 
of  the  photorefractive  properties  of  these  bronze  crystals  have 
been  made  at  the  California  Institute  of  Technology.  Rockwell 
International,  and  the  L'.S  Army  Night  \  ision  and  Electro- 
Optics  Laboratory  (NVEOLi  and  are  continuing  as  still  better- 
quality  crystals  with  various  doping  concentrations  become 
available.  Table  VIII  summanzes  the  goals  set  and  the  results 
obtained  to  date  for  these  crystals 

In  agreement  with  Megumi  et  al. '  the  results  for  the  present 
crystals  show  the  typical  broad  Ce  absorption  band,  as  shown 
in  Fig.  1 3.  An  interesting  feature  is  that  the  spectral  response 
can  be  extended  from  the  visible  to  the  IR  region  by  changing 
the  site  preference  of  the  Ce  ion.  For  example,  when  cenum  is 
placed  in  the  1 5-  and  1 2-fold  coordinated  sites,  the  optical  ab¬ 
sorption  is  observed  in  the  visible,  whereas  the  absorption  ex¬ 
tends  to  the  near-IR  region  when  Ce  is  located  in  the  9-fold 
coordinated  site.  This  site  flexibility  is  a  unique  advantage  for 
tungsten  bronze  crystals,  including  BSKNN.  whose  spectral  be¬ 
havior  is  similar  to  that  shown  for  SBN. 


400  /  OPTICAL  ENGINEERING  /  Mav  1987  /  Vol  26  No  5 


DEVELOPMENT  AND  MODIFICATION  OF  PHOTOREFRACTIVE  PROPERTIES  IN  THE  TUNGSTEN  BRONZE  FAMILY  CRYSTALS 


mm/cm 


Rg.  12.  Large  size  (12  X  12  x  12  and  20  x  20  x  20  mm).  Ce-dopedSBN:6a 
cubes. 


Fig  13  Absorption  spectra  for  uudoped  and  Ce-doped  SBN 


■g 
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Fig.  14.  Dependence  of  the  two-wave  mixing  gain  coefficient  I  on 
grating  spacing  A,  or  full  external  crossing  angle  20  in  undoped  and 
cerium-doped  SBN  at  A  =  514.5  nm.  The  photorefractiva  grating  was 
aligned  along  ^  100  and  the  optical  beams  ware  polarized  extraor¬ 
dinary.  The  solid  curves  are  best  fits  to  the  data  using  simple  photo- 
refractive  theory  (Ref.  58). 


The  photorefraclive  coupling  citiciencies  tor  Ce-doped  and 
undoped  SBN  crystals  are  shown  in  Fig  14  We  found  that 
Ce  doping  increases  the  phoiorefractivc  coupling  coefhcient 
by  a  factor  of  2  to  T  at  large  crossing  angles,  while  at  the  same 
time  the  photorefractive  grating  formation  rale  per  unit  inien- 


TABLE  IX.  Beam  fanning  response  time. 


Material 

Response  Time  (sec) 

Wavelength 

Point  of 

0.?  W/cm^ 

2  ■ 

I  nm) 

Measurement 

Ce-SBN;76 

7.2 

0.6 

442 

90% 

Ce-SeN;75 

2.0 

0.25 

442 

e'^ 

Ce-SBN;60 

0.6 

0.05 

44? 

e'^ 

BSTIO3 

4.8 

0.6 

4^8 

90% 

Ce-BSXNN-Z 

5.8 

0.6 

4S'.9 

TABLE  X.  Response  time  of  self-pumped  photorefractive  materials. 


Material 

Response 

Time  (;ec^ 

Wavelength 

Point 

0.2  W/cm^ 

2  W/cm^ 

(nm) 

Measurement 

Ce-SBN:75 

32 

8.3 

442 

90% 

Ce-SBN;76 

7.7 

1.6 

442 

e‘  ^ 

BaTIOj 

25 

2.5 

614.5 

50% 

Ce-BSrss-Z 

27.9 

8.8 

457.9 

e-> 

siiy  IS  larger  by  a  factor  of  4  to  6  compared  to  undoped 
matenal  .Although  Ce  doping  is  being  evaluated  to  obtain 
optimum  photorefractive  properties,  the  grating  formation  rate 
in  the  visible  spectrum  for  SBN:60  cry  stals  is  the  largest  among 
the  bronze  crystals  studied  so  far  ( -50  to  100  ms  at  6  W  cm'). 
.As  in  the  case  of  perovskiie  BaTiOi.  the  response  lime  is  much 
slower  in  the  IR  region;  however,  the  results  of  our  work  on  the 
bronzes  indicate  that  there  is  room  for  improvement  in  the  IR 
response  time  (currently  5  to  10  s  at  0.9  (im)  through  the  op¬ 
timization  of  the  shallow  trap  concentration  and  the  crystal¬ 
lographic  It'cation  of  dopants  in  the  bronze  structure. 

SBN:75  crystals  are  similar  to  SBN:60  in  their  electro-optic 
character,  hui  with  a  much  higher  transverse  electro-optic  coef- 
ticient  tru  =  14CK)x  10'  '■*  m  V).  On  the  other  hand.  BSK.NN- 
2  has  a  strong  longitudinal  electro-optic  coefficient  (rs;  s 
400 Y  10  '■  inV).  and  its  genera)  features  such  as  fanning, 
coupling  coefhcient.  and  self-pumped  phase-conjugate  behavior 
are  similar  to  those  observed  for  perovskite  BaTiOi,  Although 
the  photorefractive  properties  of  SBN  75  and  BSKNN-2  appear 
to  be  promising,  further  improvements  are  needed  to  decrease 
their  response  time  Tables  IX  and  .X  summarize  the  beam  fan¬ 
ning  and  self-pumped  phase-conjugate  response  times  for  these 
bronzes  and  for  BaTiOi  as  determined  by  Sharp  et  al  Based 
on  their  investigations,  it  appears  that  the  Ce-doped  tungsten 
bronze  crystals  studied  are  comparable  to  BaTiOi.  More  ex¬ 
perimental  data  on  these  crystals  are  being  obtained  at  the  U  S. 
Army  NVEOL  and  will  be  published  elsewhere. 

Improvements  in  photorefractive  characteristics  need  to  be 
related  to  the  possible  roles  of  dopant  impurities.  In  the  ideal 
picture,  one  needs  both  a  donor  of  electrons  and  an  acceptor  to 
enhance  the  space-charge  field  E,.  These  might  tie  Ce  ‘  and 
Ce'*".  Fe' *  and  Fe'*.  Ce*‘  and  Fe’*.  or  combinations  of 
these  w  ith  Nb'*  *  and  various  vacancies  in  the  SBN:60  structure. 
The  current  results  clearly  indicate  that  the  additions  of  Ce  and 
Fe  enhance  photorefractive  propenies;  however,  the  distribution 
of  the  various  charge  states,  such  as  Ce  ‘  Ce'*  *  .  has  not  yet 
been  established.  Because  Ce  "  (or  Fe  '  )  is  stable  at  growth 
temperatures,  several  possibilities  exist  for  the  species  forming 
charge  traps;  these  are  shown  in  Table  XI. 

In  the  present  case  of  tungsten  bronze  crystals,  the  tendency 
of  Nb' *  to  reduce  to  Nb'**  provides  the  possibility  of  donor 
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TABLE  XI.  Valence  states  of  dopants  in  bronze  crystals. 


Dopant 

15- 

Crystanogi'aphic  Sites 

12-  9-  e- 

Donor 

Accepto- 

Stable* 

States 

Ce 

- 

Ce3- 

Ce^* 

- 

Ce^* 

Ce"* 

Ce> 

Ce  and  Nd 

- 

Ce3* 

Nfc'’* 

Ce^".  Nb'’* 

Ce"* 

Ce3*. 

NfcS* 

Ce 

_ 

Ce3- 

- 

Ce^* 

Cation  Vac 

Ce3* 

Fe 

- 

- 

- 

Fe^*.  Fe^* 

fe?* 

Fe3* 

Fe-* 

Fe,  Nfc 

- 

- 

- 

Fe^*.  Nb"* 

Nb-** 

Fe3* 

Fe3*. 

NbS* 

Fe 

- 

- 

Fe^* 

Cation  Vac 

Fe^* 

Fe3* 

Ce,  Fe 

- 

Ce3’ 

- 

Fe“* 

Ce'' 

Fe3* 

Ce3*. 

Fe-* 

•Valence 

State 

at  growth  temperature »  v 

ac  -  vacancy 

slates.  Since  the  preferred  slate  of  Ce  at  growth  temperatures  is 
Ce  *  .  a  donor,  some  questions  remain  concerning  the  identitv 
of  the  acceptor  in  Ce-doped  crvstals  The  observed  tendencv  of 
Nb  '  to  reduce  during  growth  ma\  encourage  the  lormaiion  of 
vacancies  that  could  act  as  either  donors  or  acceptors  Currentlv  . 
we  are  using  optical  and  Mossbauer  spectroscopv  in  an  attempt 
to  positivelv  identifv  the  donor  and  acceptor  species  in  these 
crvstals 

7.  FUTURE  TUNGSTEN  BRONZE  MATERIALS 

Another  alternative  approach  tt'  the  development  of  improved 
photorefractive  materials  is  the  use  of  morphotropic  pha^e 
boundarv  (MPB)  crvstals  that  have  verv  large  electro-optic  ef¬ 
fects  The  electro-optic  properties  for  crvstal  compositions  close 
to  MPB  regions  can  be  at  least  .“s  ti'  l()  times  better  than  the 
current  best  materials  and  offer  a  unique  opponunity  to  develop 
supenor  photorefractive  materials 

Figure  15  shows  a  typical  ferroelectric  tungsten  bronze  sv^- 
tem.  Phi  -  ,Ba,Nb;0^.  in  which  the  MPB  region  is  located  at  v 
=  0  .^7  In  this  region,  the  elecim-optic,  dielectric,  pyro 
electric,  and  piezoelectric  properties  are  exceptionally  large  and 
are  largelv  temperature  independent  Several  of  the  more  uselul 
tungsten  bronze  and  perovskite  systems  show  MPBs  near  which 
the  polanzation  is  large,  giving  large  electro-optic  and  dielectric 
properties  As  shown  in  Fig  15.  on  a  binary  phase  diagram  an 
MPB  appears  as  a  nearly  vertical  line  separating  two  ferroelectrk 
phases;  i.e  .  the  boundary  occurs  at  a  nearly  constant  compo¬ 
sition  over  a  w  ide  temperature  range  up  to  the  Curie  temperature 
Poled  crystals  near  such  boundaries  show  unique  and  enhanced 
electro-optic  properties  because  of  the  proximity  in  free  energy 
of  an  alternative  ferroelectnc  structure  A  detailed  description 
of  MPB  behavior  has  been  provided  by  Jaffe  et  al/"^ 

For  the  Pb|  ^ba,Nb;0^  system,  the  coexisting  phases  at  the 
MPB  are  tetragonal  and  orthorhombic  In  the  tetragonal  (4mm) 
symmetry  for  ferroelectric  bronzes,  the  electro-optic  coefheients 
r,)  of  single  domains  are  given  from  tne  phenomenological  rntnlel 
of  Cross  el  al in  terms  of  the  g,,  quadratic  coefficients  of 
the  paraelectnc  prototype  by  relations  of  the  form 

r,,  =  2g|,P.«.,t„  . 

rii  =  2guPi€><€,,  .  0(1 

r^[  =  2g44P>?M*(( 

The  last  relation  is  of  special  interest  in  that  for  a  composition 


PbNOjOe  MOLE  'X  Sx  »*Nb206 

Fig  15.  Curie  temperature  versus  composition  for  the 
Pbi  .Ba.NbjOe  system  (Ref.  651 

close  to  the  MPB  but  a  long  way  from  the  ferroelectric  Cunc 
temperature,  both  P»  and  en  can  be  very  large  and  nearly  tem¬ 
perature  independent 

For  orthorhombic  compositions  close  to  the  MPB,  the  equiv¬ 
alent  relations  are,  with  respect  to  the  protoiypic  tetragonal  axes. 


Fl! 

~  f:: 

=  2gn 

Pitne. 

Fi: 

=  r:i 

=  2g;i 

PieiiXi 

F<1 

-  r?: 

II 

t-J 

nn 

P if liti 

Fax 

=  T*.\ 

=  gitPitiit,, 

Fm 

Ui 

II 

*|t|  lt|, 

Now  it  is  P|  and  ei?  that  will  be  large,  so  large  and  nearly 
temperature  invariant  values  of  rii  and  rji  are  to  be  expected. 

In  the  Pbi  -  ^BaxNb;0^  system.  Shrout  et  al.’*''^'  demon¬ 
strated  that  it  is  possible  to  grow  small  crystals  with  compositions 
close  to  the  MPB  For  compositions  on  both  sides  of  the  bound¬ 
ary.  the  g,j  quadratic  coefficients  are  largely  temperature  inde¬ 
pendent.  as  expected,  and  are  bigger  than  those  for  SBN.  With 
increasing  Pb  content,  the  piezoelectric  coefficients  dis  and  dji. 
shown  in  Fig.  16.  escalate  dramatically  as  the  composition  ap¬ 
proaches  the  MPB.  with  values  larger  than  tho.se  found  for  BaTiO.v. 
We  have  also  identified  other  MPB  systems  within  the  tungsten 
bronze  family,  e.g,,  BaiNaNbsOis-SriNaNbsOis.  PbzKNbsOis- 
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TABLE  XII.  Ferroelectric  properties  «t  MPB  for  tungsten  bronze  systems. 


X 

at 

MPB 

CC) 

Dielectric 
Constant 
at  P.T. 

£lectpo-0ptlc 
Coefficient 
.  10' •’  m/V 

(l-») 

PtjNbpOg 

(xJBiNbjOg 

0.3’ 

300 

1900 

>  1600* 

4 

(2*) 

230 

1700 

920** 

♦ 

La^*  (6*) 

115 

3500 

7S0** 

(l->) 

Pbj  5Nb50;5  - 

(x)Sr2NaNb50]5 

0.75 

135 

0 

0 

rsi 

eva 

Large 

(1-x) 

Pb2XNb50]5  - 

( X ) 5 

0.25 

255 

i3<30 

Large 

(l-«) 

(x)Sr2Nallb50;5 

0.60 

170 

>  500 

Low 

(!-x) 

PbjXNb^Oij  - 

(x)Sr2NaNbg0jg 

0.70 

155 

930 

Medium 

*  Single  cr>stai  samples 
Cei’amlc  samples 


r:o( - - - : - 1 - n - 1 - ' - 1 - 1 

i  OBThORmOVBiC  rnr^2'  [  ’E’^AGONAl  -i ; 


oi _ ! _ LJ _ 1 _ i _ ^ _ I 

c  ’ :  *’v  ?:  AC’  sc  eo  70  e-:- 

VOlf  8« 


Fig.  16  Piezoelectric  633  and  d|j  coefficients  as  a  function  of  com¬ 
position  in  the  Pb-  .Ba.NbiOc  system  (Ref  68) 


Sr;NaNb-Oi<.  and  Ph;KNb«()i»-Bj:NuNh‘^()i<.'*‘  summarized 
in  Table  XII  The  maior  ads  aniaees  ot  MPB  malerials  for  photo- 
refraeiise  applieaiions  are 

I  1 1  The  separation  trom  the  phas-  boundars  is  a  lunctton  ot 
eomposition.  not  temperature;  i  e  .  the  boundary  is  morpho 
tropic,  so  very  hieh  values  ot  the  dicleetrie  and  electro-optte 
constants  can  persist  over  a  wide  temperature  range. 

1 2)  For  compositions  close  to  the  boundary,  rsi  and  ra:  values 
larger  than  those  for  BaTiOi  are  possible. 
i,T|  Since  the  prototype  symmetry  is  4  mmm.  only  one  unique 
4-fold  axis  exists,  and  twins  are  not  possible;  hence, 
cracking  is  not  as  severe  a  problem  as  reported  for 
BaTiOi 

(4)  Very  large  transverse  drift  tields  could  be  achieved. 

We  are  devoting  a  considerable  effort  to  the  development  of 
MPB  crystals  in  the  expectation  that  they  can  provide  a  real 
breakthrough  for  device  applications  based  on  the  photo- 
refractive  effect  These  crystals  should  also  be  beneficial  for 
other  applications  such  as  electro-optic  sw  itches  and  modulators, 
transverse  pyroelectric  focal  plane  arrays.  SAW  devices,  and 
piezoelectric  transducers.  The  potential  benefit  in  these  appli¬ 
cations  justihes  the  further  development  of  these  materials,  al¬ 


though  they  may  prove  quite  ditticuh  to  grow  in  appropriate  size 
and  quality 

8.  CONCLLSION 

The  prospects  are  bright  for  further  development  of  SBN  and 
BSKNN  solid-solution  crystals  to  larger  sizes,  and  efforts  m  that 
direction  are  progressing.  By  selecting  the  proper  dopant  con¬ 
centration  and  Its  site  preference  in  the  tungsten  bronze  structure. 
It  IS  possible  to  control  not  only  the  photorefractive  time  of 
response  but  also  the  spectral  response  in  both  the  visible  and 
IR  regions.  Such  opportunities  are  rarely  seen  in  other  ferro¬ 
electric  materials.  Applications  to  optical  computing,  image  pro¬ 
cessing.  and  phase  conjugation  will  follow  the  development  of 
still  larger  crystals 

Better  photorefractive  etlects  may  be  achievable  in  morpho- 
tropic  phase  bviundary  materials  if  suitable  growth  techniques 
become  available.  The  current  problems  a-sswiated  with  the  growth 
of  MPB  PBN:bO  may  be  overcome  by  developing  thin  films  of 
reasonable  size  and  quality  Recently ,  we  demonstrated  the  growth 
of  ferroelectnc  PBN:60  hlms  on  SBN:b()  substrates  of  various 
orientations  with  good  success.  .Although  considerable  further 
vlevelopment  is  required,  the  current  success  of  achieving  crys¬ 
talline  hlms  of  this  morphotropic  composition  suggest  that  de¬ 
vices  based  on  MPB  thin  hlms  may  stxin  emerge.  Substrates  are 
key  to  obtaining  single-crystal  hlms  of  the  desired  orientation 
with  good  ferroelectnc  properties.  Currently,  ferroelectnc  thin- 
lilm  growth  is  being  pursued  in  Japan  and  the  USSR  on  nonferro- 
electnc  substrates  such  as  sapphire,  glass,  and  MgO.  On  such 
substrates,  however,  crystallintty  and  gtxid  ferroelectric  prop¬ 
erties  are  often  difhcult  to  obtain.  The  use  of  ferroelectric 
paraelectnc  single-cry  stal  substrates  from  the  same  crystal  family 
should  help  to  minimize  many  him  growth  problems;  for  this 
reason,  we  are  now  actively  engaged  in  developing  MPB  hlms 
for  optical  applications  using  SBN  and  BSKNN  substrate  ma¬ 
terials 
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The  undoped  and  Ce-doped  ferroelectnc  tungsten  bronze  crystals,  specificaljv  Ba,  <Sr[.  .K.^, ^Nap-.Nb^On  (BSKNN-li  and 
Bag, Sri  r^vo  .Nb.O,.  (BSKNN-2).  have  been  gzown  in  optical  quabty  using  the  Czochialski  technique  Although  both  of  these 
crystals  are  tetragonal  with  point  group  4mni.  thetr  growth  habit  along  the  [OOlJ  direction  differs:  BSKNN-1  crystals  grow  m  a  square 
shape  with  four  well-defined  facets  while  BSKS'N-2  crystals  have  an  octahedral  growth  habit  with  eight  well-defined  facets  The 
longitudinal  dielectnc  (<,,  i  and  linear  electro-optic  (r.,)  constants  show  strong  enhancement  when  expanding  from  BSKNN-l  and 
BSKNN-2  crystals  indicating  thai  the  latter  could  be  of  major  tnterest  for  electro-optic,  photorefractive  and  pvroelectnc 
appLcations 


1.  Introduction 

Tungsten  bronze  crystals  exhibit  excellent  elec- 
tro-opiic  [1.2].  photorefractive  (4-7).  and  pyroelec¬ 
tric  [8.9]  properties,  and  these  attractive  features 
make  them  potential  important  for  applications  in 
opioelectrotucs.  Bronze  solid-solution  crystals  such 
as  Sr, _,Ba,Nb;Of  (SBN).  either  doped  or  un- 
doped.  have  proven  to  be  excellent  materials  for 
various  applications  such  as  guided-wave  optics 
[10].  photorefractive  [3-7]  and  millimeter-wave 
[11-14]  device  studies.  These  crystals  are  also 
being  used  in  pyroelectric  detector  studies  because 
of  their  large  pyroelectric  coefficients 

Tetragonal  (4mm)  SBN  solid-solution  crystals 
exhibit  excellent  transverse  ferroelectric  and  opti¬ 
cal  properties  in  contrast  to  perovskite  BaTiOj 
crystals,  which  show  strong  longitudinal  ferroelec¬ 
tric  and  optical  properties.  Currently,  both  SBN 
and  BaTiOj  are  leading  candidates  for  various 
applications:  however,  the  use  of  BaTiO,  is  limited 
due  to  extreme  difficulty  in  growing  large  size. 


optical-quality  doped  crystals.  For  this  reason,  we 
have  investigated  the  Baj.,Sr,K,.,Na,NbjO,5 
(BSKNN)  soUd-solution  system  which  resembles 
BaTiOj  in  many  respects,  particularly  in  its  ferro¬ 
electric  properties  [15,16].  The  present  paper  re¬ 
ports  on  the  growth  and  charactenzation  of 
Ba,  ,Sro  jKo75Nao25Nb50]<  (BSKNN-1)  and 
Ba^^Sr,  jKosNaojNbjO,;  (BSKNN-2)  crystals 
for  optical  and  pyroelectric  applications 

2.  Experimental 

The  undoped  and  doped  BSKNN  solid-solu¬ 
tion  system  was  studied  using  reagent  grade  chem¬ 
icals,  specifically  BaCO,,  SrCOj,  KjCOj,  NaCOj, 
CeOj  and  NbjOj.  The  appropriately  weighed 
materials  were  thoroughly  mixed  and  calcined  at 
900  °C  and  then  sintered  at  1350  °C.  The  struc¬ 
ture  identification  and  soUd  solubility  range  for 
each  phase  were  checked  using  X-ray  diffraction 
measurements.  The  compositions  BSKNN-1  and 
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BSKKN-2  were  then  studied  in  more  detail  using 
DTA  techniques  to  ascertain  melting  temperatures 
and  sufiercooling  behavior. 

For  single  crystal  growth  experiments,  high- 
purity  starting  materials  (Johnson  Matthey,  Ltd.) 
were  used.  To  maintain  a  high  degree  of  homo¬ 
geneity  in  the  crystals,  the  starting  materials  were 
thoroughly  ball-milled  before  they  were  melted  in 
a  platinum  crucible  (chemical  analysis  did  not 
show  the  presence  of  AljOj  due  to  alumina  ball 
milling).  The  crucible  was  2  in.  in  both  diameter 
and  height,  and  was  supported  in  a  fibrous  alumina 
insulating  jacket  (table  1).  The  furnace  used  was 
RF  induction  heated  to  370  kHz.  All  of  the  crystals 
were  cooled  through  their  paraelectric/ferroelec- 
tne  phase  transition  (170-210 °C)  in  an  after¬ 
heater  furnace. 

A  variety  of  techniques  uere  used  to  evaluate 
the  ferroelectric,  pyroelectric  and  electro-optic 
properties  of  these  crystals  Crystals  belonging  to 
the  tetragonal  point  group  4mm  have  three  piezo¬ 
electric  and  electro-optical  coefficients  and  two 
dielectric  constant,  thus  requinng  various  samples 
of  differing  onentation.  Bar  and  plate-shaped 
specimens,  as  shown  in  fig.  1.  onented  along  (001 ) 
and  (100)  were  cut  with  a  diamond  saw  from  the 
crystal  boule  with  the  onentation  determined  by 
Laue  X-ray  back  reflection  Samples  were  then 
lapped  and  polished  to  achieve  optical  quality. 

Prior  to  most  measurements,  the  crystals  were 
poled  by  the  field-cooling  method  (T^  to  room 
temperature  in  0-)  under  a  DC  field  of  8-10 
kV/cm  along  the  polar  (001)  axis  using  either  Au 
or  Pt  electrodes.  Unlike  BaTiO,.  no  special  pre¬ 
cautions  are  requued  to  pole  these  tungsten  bronze 
crystals.  The  completeness  of  poling  was  checked 


Fig  1  Bar-  and  plaie-shape  BSKNN  single  crssla)  specimens 


by  measuring  the  dielectnc  constant  before  and 
after  poling 

3.  Results  and  discussion 

The  BSKNN-1  and  BSKNN-2  compositions 
exist  on  a  SrNbjOj-BaNbjO^-KNbOi-NaNbO, 
quaternary  system,  as  shown  in  fig.  2  Composi¬ 
tions  exhibiting  the  tungsten  bronze  structure  in 
this  system  can  possess  either  tetragonal  (4mm)  or 
orthorhombic  (mm2)  structures,  the  latter  occur- 
ing  basicaUy  for  Na '-containing  compositions 
such  as  SrjNaNbjO,,.  Ba2NaNb50,5  and 
(Sr,Ba)2NaNb50,5.  For  this  reason,  the  relative 
magnitudes  of  the  transverse  (r,,)  and  longitudi¬ 
nal  (/j,)  electro-optic  coefficients  in  these  crystals 


Table  1 

Growth  coodiuoiu  for  the  BSKNN  lobd-solution  crystaJ.s 


Composition 

Growth 

temperature  (”  C) 

PuUing 
rate  (iiun/h) 

Color 

Sue 

(cm) 

Growth 

habii 

Lattice 

constant  (A) 

BSKNN- 1 

1480 

8-10 

Colorless 

0.5- 1.0 

Square 

a  - 12.506,  c- 3.982 

BSKNN-1  :Ce 

1480 

6-10 

Pink 

0.5- 1.0 

Square 

a -12.506,  e-  3.982 

BSKNN-2 

1490 

6-  8 

Colorless 

0.8- 1,2 

Octahedron 

a -12  449,  r- 3.938 

BSKNN-2  :Ce 

1490 

6-  8 

PmV 

0.8- 1.2 

Octahedron 

a  - 12.449,  f- 3.938 

AU  crytuls  were  grown  m  oxygen  along  the  (001)  direcuon.  Loss  of  K  due  to  volatilizauon  was  tomeumes  a  problem  in  BSKNN-1 
crystals 
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BtNbjOg 


Fig  2  Tht  phase  relation  m  the  SrNb;0, -BaNb-O, -KNb- 
O, -NaNbO,quatemar>  system 


are  strong  functions  of  both  the  Ba  :  Sr  and  K  :  Na 
ratios.  Since  these  coefficients  are  adjustable,  our 
work  has  concentrated  on  the  binar>  join  between 
BSKNN-1  and  BSNN-4.  as  shown  in  fig.  2.  The 
end-member  composition  BSNN-4  is  ortho¬ 
rhombic  at  room  temperature  and  is  a  part  of  the 
Sr-NaNb50,5-Ba;NaNb«0,j  system  [17).  The 
latter  system  was  recently  studied  by  Obver  et  al 
[17]  and  exhibits  an  apparent  morphotropic  phase 
boundary  at  the  composition  Sr,  jBaofNaNbjO,.. 

Both  BSKNN-1  and  BSKNN-2  are  considered 
to  be  filled  bronze  structures  because  the  15-  and 
12-foId  coordinated  sites  are  completely  occupied 
The  tetragonal  tungsten  bronze  compositions  can 
be  represented  by  the  chemical  formulae 
(^1)4(^2)2^4^10^30  ®nd  (A  ]  )4(A  j  IjBjpOyo  • 
where  A,,  Aj.  C  and  B  are  15-,  12-,  9-  and  6- fold 
coordinated  sites,  respectively.  The  BSKNN  com¬ 
positions  arc  based  on  the  (A,)4(Aj)jB,o03o  for¬ 
mulation  and  in  this  arrangement  both  the  A,  and 
Aj  sites  are  completely  occupied  by  Ba'"*,  Sr’*, 
K*  and  Na*.  In  contrast,  other  important  bronze 
compositions  based  on  the  Srj.^Ba^NbjOt  soUd- 
solution  system  have  partially  empty  IS-  and  12- 
fold  coordinated  sites  with  a  vacancy  of  up  to 
20?. 


3.1.  Growth  of  BSKNS'  Cry  stals 

Both  BSKNN-1  and  BSKNN-2  crystal  were 
grown  using  an  automatic  diameter-controlled 
Czochralski  growth  technique  used  for  other 
tungsten  bronze  crystals,  e.g.,  SBN  :  60,  SBN  ;  75, 
SKN  and  KLN  [3,18-20],  The  growth  of  these 
BSKNN  crystals  was  successful;  however,  growing 
BSKNN-1  was  found  to  be  more  difficult  than  for 
BSKNN-2.  Since  these  ctystal  compositions  con¬ 
tain  six  components,  it  is  very  difficult  to  estabbsh 
precisely  the  true  congruent  melting  composition. 
However,  apparent  BSKNN-2  is  closer  to  the  true 
congruent  melting  composition  than  BSKNN-1. 

The  growth  conditions  for  these  crystals  are 
given  in  table  1.  Initially,  bronze  SBN  :  60  crystals 
were  used  as  seed  material,  but  as  small  BSKNN 
crystals  became  available,  these  were  used  in  sub¬ 
sequent  crystal  growths.  Because  these  compo¬ 
nents  are  multicomponent  and  have  several  crys¬ 
tallographic  sites  available  for  Ba’*,  Sr’*.  K*  and 
Na*,  the  following  problems  were  encountered; 

(1)  Exchange  of  crystallographic  sites,  specifically 
of  the  15-  and  12-fold  coordinated  ions  such  a.s 
Ba’*,  Sr’*.  K*  and  Na*.  can  cause  severe  optical 
striations  and  cracking  problems 

(2)  Crystals  cracked  when  cycled  through  the 
paraelectric/ferroelectric  phase  transitions  This 
was  less  severe  for  BSKNN-2. 

(3)  High  sobd-solution  melting  temperatures  were 
in  excess  of  1480  "C;  hence,  volatibzation  of  K* 
and  oxidation-reduction  (Nb^'s^Nb^*)  prob¬ 
lems  were  observed. 

These  growth  problems  have  also  been  reported 
[3,18]  for  other  soUd-soIution  tungsten  bronze 
crystals  such  as  SBN:  60,  SBN  :  75.  SKN,  KLN 
and  PBN,  and  were  sufficiently  minimized  in 
BSKNN  crystal  growths  to  obtain  optical  quabty 
crystals  as  large  as  1  to  1.2  cm  square.  Fig.  3 
shows  typical  BSKNN-1  and  BSKNN-2  crystal 
boules  grown  along  the  (001)  direction.  The  crystal 
growth  of  these  compositions  along  other  direc¬ 
tions  such  as  (100)  and  (110)  was  also  attempted, 
but  was  found  to  be  very  difficult  because  of  poor 
control  over  the  neck-out  from  the  crystal  seed. 

The  use  of  an  automatic  diameter  control  sys¬ 
tem  in  these  growths  helped  to  maintain  the  neces¬ 
sary  growth  temperature  stability  .  We  have  found 
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BSKWN-1  BSKNN-2 

Fig  ?  TN'pical  BSKNN-1  and  BSKNS-2  cnsials  grown  along  the  (001 1  direction.  Marker  repreients  1  cm 


in  this  work,  as  well  as  in  our  work  on  SBN  :  60 
and  SBN :  75  that  crvstal  qualits  also  depends 
strongls  on  the  following  factors: 

(1)  Impunties  in  the  starting  materials:  Ca*'. 
Fe’*.  Mg'",  etc.  The  presence  of  Fe’*  seems  to 
be  a  major  cause  of  optical  stnations  in  these 
crystals. 

(2)  Rotation  and  pulling  rates.  Faster  pulling  rates 
are  needed  at  lower  rotation  rates  to  control  tem¬ 
perature  stabilitN  since  crystal  thermal  conductis- 
ity  is  low . 

(3)  Cooling  rate  variations:  the  Ba  ;  Sr  and  K  :  Na 
distribution  on  the  15-  and  12-fold  coordinated 
sites  change  for  different  cooling  rates,  causing 
strain,  as  well  as  striations.  in  the  crystals. 

As  reported  for  Ce-doped  SBN  ;  60  crystals  [3]. 
the  addition  of  0.05  wt%  Ce  in  both  BSKNN 
compositions  did  not  change  the  growth  condi¬ 
tions  or  degrade  the  optical  quality.  However,  the 
addition  of  Fe’'*  in  the  6-fold  coordinated  site 
causes  severe  striation  problems  in  tungsten  bronze 
BSKNN-1.  BSKNN-2  and  SBN  :  60.  For  photore- 


fractive  applications,  one  needs  Ce  in  two  salence 
slates.  Ce’*  and  Ce'*'.  Since  photoref'aciice  prop¬ 
erties  are  enhanced  sigmficanth  for  Ce-doped 
BSKNN-2  crystals,  we  believe  that  Ce  exists  in 
both  states.  However,  further  work  is  necessary  to 
establish  the  actual  valence  state  distnbution. 

As  shown  in  fig.  4.  both  BSKNN-1  and 
BSKNN-2  crystal  boules  exhibit  natural  facets: 
however.  BSKNN-1  grows  in  a  square  shape  with 
four  well-defined  faces,  while  BSKNN-2  crystals 
have  an  octahedral  shape  with  eight  well-defined 
facets  or  faces.  The  wider  facets  in  both  crystals 
are  (100),  thus  facilitating  the  process  of  orienting 
the  crystal  axes.  SBN  solid-solution  crystals  are 
also  faceted,  but  they  ae  cylindrical  in  shape  with 
24  well-defined  facets  [3,21].  We  have  found  that 
the  differences  observed  in  crystal  shape  with 
composition  also  reflect  insignificant  differences 
in  the  respective  ferroelectric  and  optical  proper¬ 
ties.  Fig.  4  shows  the  idealized  forms  of  bronze 
crystals. 
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Fig  4  ldeaU«d  forms  of  lungilcn  bronze  cnsials  (a)  large  longjludmal  effects,  fb)  large  transverse  effe^;- 


J.2  Ferroelectric  arid  opitcal  properttcs 

The  temperature-dependent  dielectnc  proper¬ 
ties.  of  BSKN'N  cr>staU  were  measured  from 
-  1 50  ®  C  to  above  400  '  C  using  a  Hewlett-Packard 
capacitance  bridge.  The  dielectnc  properties  at  10 
kHz  for  BSKNN-1  are  shown  in  fig  5  for  the  a- 
and  c-axis  (polar!  crystallographic  orientations 
Like  other  tungsten  bronze  ferroelectrics.  the  polar 
axis  dielectnc  constant  is  characterized  by  a  sharp 
dielectric  anomaly  at  the  ferroelectric  phase  tran¬ 
sition  temperature.  T^.  which  occurs  at  205-210'  C 
for  BSKNN-1.  Below  T^,  the  c-axis  dielectric  con¬ 
stant  decreases  monotonically  to  approximatelv 
1(K)  at  room  temperature,  and  to  55  at  -150'C 
For  crystals  poled  to  a  single  ferroelectric  domain, 
the  dielectric  dispersion  has  been  found  to  be 
minimal  over  the  range  100  Hz  to  100  kHz.  except 
near  7^.  Along  the  o-axis,  only  a  slight  dielectric 
anomaly  is  observed  at  the  Curie  point,  with  a 
value  nearly  two  orders  of  magnitude  smaller  than 
for  the  c-axis.  Since  the  n-axis  dielectric  constant 
remains  relatively  flat  below  T^.  it  is  nearly  four 
times  larger  than  the  c-axis  constant  at  room 
temperature.  Below  room  temperature,  the  o-axis 
dielectric  constant  rises  gradually  to  a  value  of  470 
at  -ISO'C. 


The  low-frequency  dielectric  propenie.v  of 
BSKNN-2.  shown  in  fig.  6.  are  similar  in  overall 
behavior  to  those  for  BSKKN-l,  However. 
BSKNN-2  has  a  lower  Cune  point  (]70-]7g°Cl 
which  contributes  in  part  to  this  higher  c-axis 
dielectnc  constant  of  170  (poled)  at  room  temper¬ 
ature  The  a-axis  dielectric  constant  for  BSKNN-2 
IS  also  considerably  larger,  with  a  value  of  750  at 
room  temperature  and  rising  to  above  1000  at 
-  150'C.  These  values  are  roughly  a  factor  of  two 
or  more  greater  than  for  o-axis  tungsten  bronze 
SBN  :  60  single  crystals  [22]. 

The  dielectric  constants  for  both  BSKN’N  com¬ 
positions  exhibit  Curie- Weiss  behavior  above  T^. 
that  IS. 

c,,  =  Q/(7--0). 

where  0  is  the  Curie  temperature  and  C^  the 
Curie- Weiss  constant.  BSKNN-1  deviates  some¬ 
what  from  this  relationship  because  of  an  unex¬ 
plained  “kink”  near  270 ®C,  evident  in  fig.  5.  For 
temperatures  just  above  C^,  “  2.6  x  10*®C  and 
#3  «  203-208  ®C  for  BSKNN-1,  whereas  for 
BSKNN-2,  Ce3  -  3.2  X  10’®C  and  - 
168-175  ®C.  In  both  cases,  is  2-5 ®C  higher 
than  6.  indicating  a  quasi-first-order  ferroelectric 
transition  behaviour.  Curiously.  BSKNN-1  and 
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Fig  5  Temperature  dependertce  of  diclectnc  consiani  for  BSKNS-1  at  10  kHz 


BSKNN-2  also  show,  strict  Cu^e-\^'eiss  behavior 
over  a  300  °C  range  belov.  T^.  with  Cune- Weiss 
constants  C  a  factor  of  7-8  smaller  than  the 
respective  high-temperature  (paraelectnc)  values 
This  observation  suggests  that  the  Devonshire 
polarization  coefficients  in  the  free-energy  expan¬ 
sion  for  BSKNN  may  be  strongl>  temperature-de¬ 
pendent.  A  more  detailed  exarrunation  of  the  fer¬ 
roelectric  phenomenology  for  BSKNN  crystals  will 
be  presented  in  a  subsequent  paper  upon  the 
completion  of  additional  measurements 

The  polar  axis  pyroelectric  coefficient,  p.  ob¬ 
tained  from  the  zero  bias  current  density  mea¬ 
sured  at  a  constant  temperature  rate,  and  the 
spontaneous  polarization,  P^.  obtained  by  integra¬ 
tion  of  p  over  temperature,  are  shown  in  fig  7  for 
a  BSKNN-2  crystal  with  rc  —  no'C.  Although 
BSKNN  is  a  quasi-first-order  phase  transition  fer¬ 
roelectric.  fluctuations  in  ionic  site  preference  re¬ 
sults  in  a  moderate  distribution  of  transition  tem¬ 
peratures  in  the  crystal.  Hence,  the  spontaneous 
polarization  has  a  nonzero  value  above  the 
mean  Cune  point.  7^,  as  seen  in  fig.  7.  Below  7^. 
the  polarization  rises  sharply  and  attains  a  value 


of  34  fiC/cm"  at  room  temperature,  a  value  simi 
lar  to  that  of  SBN  :  60. 

The  room-temperature  pyroelectnc  coefficient 
of  BSKNN-2  IS  0.036  |iC/cm‘  K.  nearl\  a  factor 
of  three  lower  than  for  bronze  SBN  :  60  (0.10 
nC/cm‘  K).  However,  the  lower  room-tempera- 
ture  polar-axis  dielectnc  constant  of  BSKNN-2 
(170  versus  920  for  SBN: 60)  results  in  a  much 
higher  pyroelectnc  figure-of-ment.  p/t  (2.1  >: 
10*'  versus  l.lxlO’*  for  SBN:  60):  further¬ 
more.  this  figure-of-merit  is  much  less  tempera¬ 
ture-sensitive  because  of  the  higher  transition  tem¬ 
perature  for  BSKNN. 

A  transverse  modulation  technique  was  used  to 
determine  the  optical  half-wave  voltage  (F,)  and 
the  value  of  *  n’r,,  -  Hor,,  for  BSKNN-2. 
The  crystal  was  placed  between  crossed  polarizers 
set  at  45°  to  the  r-axis  and  a  modulation  field 
was  appUed  along  the  c-axis  A  low-frequenc> 
( -  400  Hz)  AC  modulation  field  was  used  to 
avoid  space-charge  effects.  All  measurements  were 
made  at  room  temperature  (300  K).  At  442  nm.  F, 
was  found  to  be  220  V  and  —  2.0  x  10*’ 
m/V.  At  633  nm.  F,  was  425  V  and  n’r,  was 
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TEMPERATURE  ('C: 

Fig  6  Temperature  dependence  of  dielectric  consiani  for  BSKW.;  at  10  kHr 


I.?  X  10’^  m/\'.  Since  r,,  is  generalK  small  and 
rij  IS  about  2.3.  /■„  is  therefore  expected  to  be 
about  (150-200)  X  10''-  m/V  for  BSKNN-2.  This 
figure  may  be  compared  \sith  the  value  computed 
from  the  relation  r,,  =  where  g  is  the 

quadratic  electro-optic  coefficient  |2?].  For  g,,  = 
0.11  m‘/C^  r,,  is  estimated  to  be  112xl6‘’- 
m/\'.  significantly  smaller  than  the  measured  val¬ 
ues.  Similarly,  rj,  may  be  estimated  from  the 
relation  rj,  =  2g4^P,fpt,,;  using  g^  =  0.09  mVC‘ 
and  t,,  =  750.  Pj,  is  estimated  to  be  400  x  10"  '' 
m/V. 

Because  of  the  large  discrepancy  between  the 
computed  and  measured  values  for  Pj,  (which, 
curiously,  does  not  occur  for  SBN  :  60).  the  actual 
value  for  P},  may  be  300  xl0’''  or  greater  in 
BSKNN-2.  The  apparent  variation  of  the  quadratic 
electro-optic  g  coefficients  in  BSKNN  compared 
to  bronze  SBN  indicates  that  the  g  coefficients 
may  not  be  constant  throughout  the  tungsten 
bronze  family,  as  previously  assumed.  Clearly,  this 
subject  deserves  renewed  attention  in  experimen¬ 
tal  and  theoretical  work. 

Table  2  summarizes  the  ferroelectric  and  opti¬ 
cal  properties  of  tungsten  bronze  BSKNN-1  and 


10  ^ - : - : - ; - : - r 

-  BSKN\  2 


Fig  7.  Sponuneous  poluiution.  Pj.  and  pyroelecinc  coeffi- 
ciem.  p.  as  function  of  temperature  for  a  BSKNN-2  c-axis 
crystal 
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Table  2 


Ferroelectnc  and  optical 
BSKNN-2  crystals 

properties  of 

BSKNN-1  »nd 

Propeny 

BSKNN  1 

BSKNN-2 

Sytnmelrv 

4mni 

4nim 

T,  (“C) 

205-210 

170-178 

T.-eco 

2-5 

3-5 

Cune-Wciss  coeffiacni  {  *  C) 

26x10- 

3.2x10' 

Dielectnc  constant 

€,,-"380 

€,,-120 

€,,-750 

€,,-170 

Piezoelectnc  coefficicni 

d  j  ^  *  6C» 

-  20CI 
d  3  ^  *=  60 

Elecifo-optic  cocfficien: 

(  X  10"  m 

€.,  ?  2SC. 

-  no 

/■<,  ^  30(‘ 

r,,  =  180 

Pyroelecinc  coefficicn: 
(fiC/arr  Kt 

P  =  0  O?!.' 

p  -  0  03( 

Spontaneous  poianzatior 
(#iC  ) 

/>,  -  35 

/>,  -  3-i 

BSKNN-2.  In  table  3.  the  optical  figures-of-ment 
and  r, ,  t  are  given  for  BSKNN.  SBN  and 
BaTiO,.  For  phase  conjugation  (self-pumped i. 
image  processing  and  optical  computing  appli¬ 
cations,  the  relevant  figure-of-meni  can  be  calcu¬ 
lated  as  n'r,,/(.  which  is  found  to  be  two  to  three 
times  larger  in  the  BSKNN  system  than  for  an> 
other  material  This  difference  is  due  to  the  high 
dielectric  amsotropy  found  in  the  BSKNN  system 
which  results,  for  example,  in  a  high  r<,  with  a 
simultaneousK  low 


Tabic  4 

Companson  between  leading  phoiorcfraciivc  crystals 


Tungsten  bronze  BSKNN 

Perovskite  BaTiO, 

Large  longitudinal  rj,.  djj. 
C33  avaiJable 

Large  longitudinal  r,,. 

€,,  available 

Excelleni  host  lor  phoiore- 
fractive  and  electro-optic 
appbcations 

Eacellenl  host  for  phoiore- 
tractive  and  electro-optic 
applications 

Large  square  and  octahe¬ 
dron  crystals  cm) 

with  optical  quality  are 
available 

Pure  BaT)03  crystals  and 
difficult  to  grou 

Absence  of  twinning 
(4/ni/nm  -•  4mm) 

90  ®  twins  arc  prescni 
(m3m  -♦  4mm 

Absorption  and  response 
controlled  in  the  desired 
spectral  range  using  proper 
crystallographic  S)te/$aes 
for  a  given  dopant 

Controlled  spectral  re¬ 
sponse  with  dopant  pcsvi- 
ble.  but  difficult 

No  tetragonal  to  ortho 
rhomic  transition  observed 
douTi  to  LN  temperature 

Tetragonal  to  orihorhombiv 
transition  occurs  at  10 

Open  structure  -  struciurai 
ncxibibiy  to  alter  crystal 
decomposiiion 

Closed-pacled  struciure 
Untiled  compositional  nevi- 
biUiv 

Recent  photorefractive  work  by  Rodnguez  et 
al.  [24]  on  BSKNK-2  crystals  doped  with  Ce  ha'- 
shown  this  material  to  have  excellent  self-pumped 
phase-conjugated  behavior.  These  crystals  also  ex¬ 
hibit  large  photorefractive  coupling  coefficients 


Tibic  3 


EJectroopuc  figurC'Of'ment  for  tungsten  bronze  crystals 


Crystal 

Dtciecinc  coosuni 

Electro-opuc  cocffiaent  (10' 

'*  m./V) 

«ii 

«3> 

^1 

Sto„Bao3.Nb,0»(SBN,75) 

450 

3000 

1400 

42 

0.467 

5.60 

Sto*®*o*^WO«  (SBN  60) 

450 

900 

470 

42 

0.522 

6.25 

Srj-.Ca.NaNbjO,,  (SCNNi 

1700 

J700 

»  800 

- 

0.470 

5.65 

Pb„Ba„,Nb,0, 

1900 

500 

- 

;>1600 

0.840 

1010 

BSKNN-1 

360 

120 

150 

»  200 

0.550 

6  6’’ 

BSKNN-2 

700 

170 

170 

350 

0.500 

600 

BSKNN-3 

780 

270 

200 

-400 

0.510 

6  15 

BaTiO, 

4100 

1500 

80 

1600 

0.390 

4.01 

KNbO, 

950 

201 

67 

380 

0  400 

4.20 
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and  fast  response  limes  [25).  As  summarized  in 
table  4,  in  many  respects  BSKNN-2  resembles 
perovskjte  BaTiO,  in  its  photorefraclive  proper¬ 
ties,  but  with  the  advantages  of  high  optical  qual¬ 
ity.  absence  of  twinmng.  and  rela.ive  ease  of  pol¬ 
ing  to  a  single  ferroelectric  domain.  As  such,  it  can 
be  anticipated  that  with  further  development  and 
optimization  of  compositions  in  the  BSKNN  sys¬ 
tem.  and  with  further  optimization  of  the  dopant 
concentration  and  ionic  she  preference  in  photo- 
refractive  crystals,  this  tungsten  bronze  ferroelec- 
tnc  may  ultimate  surpass  BaTiO,  and  SBN  :  60  in 
many  photorefraclive  and  electro-optic  device  ap¬ 
plication 
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ABSTRACT 


The  state-of-the-art  in  the  Czochralski  growth  of  various  optical-quality 
ferroelectric  tungsten  bronze  single  crystals  is  reviewed.  This  growth  work,  undertaken 
with  specific  optoelectronic  applications  in  view,  has  succeeded  in  providing  large 
crystals  of  bronze  Sr [_^Baj^Nb20^  (SBN),  Ba2.j^Sr^K|_yNayNb50[ ^  (BSKNN)  and 
Sr2.^Ca^NaNb jO [ 5  (SCNN)  suitable  for  electro-optic,  pyroelectric  and  photorefractive 
applications. 


INTRODUCTION 


Tungsten  bronze  ferroelectrics  are  found  to  be  very  useful  for  surface  acoustic 
wave,  electro-optic,  pyroelectric,  and  millimeter  wave  applications,  and  more  recently 
for  photorefractive  applications.*  A  considerable  amount  of  work  has  been  published 
on  the  development  of  this  family  of  materials;  however,  it  did  not  formerly  find  wide 
application  due  to  lack  of  availability  of  crystals  of  adequate  size  and  suitable  quality. 
At  Rockwell  International,  we  have  systematically  studied  and  classified  the  major 
growth  probloitib,  crystal  habits  and  ferroelectric  properties  of  various  bronzes,  tailoring 


compositions  according  to  particular  device  applications. In  this  paper,  we  repo.  t 
our  major  findings  on  the  growth  of  these  crystals  and  discuss  the  mechanisms  which  give 
rise  to  their  unusual  ferroelectric  and  optical  properties. 


BACKGROUND:  FUNDAMENTAL  PROPERTIES 


The  tungsten  bronze  compositions  can  be  represented  by  the  general  formulae 

(A|)^(A2)2C^B[q03q  and  v.tiich  Aj,  A2,  C  and  B  are  15-,  12-,  9- 

and  6-fold  coordinated  sites  in  the  crystal  lattice  structure.  The  tetragonal  bronze 
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prototypic  structure  is  shown  in  Fig.  1  in  projection  on  the  (001)  plane.  ’  A  wide 
range  of  solid  solutions  can  be  obtained  by  substituting  different  Ap  A2,  C  and  B 
cations,  and  a  number  of  different  ferroelectric  and  ferroelastic  phases  have  been 
identified  (tt'.ore  than  150  compounds  and  solid  solutions).  The  ferroelectric  phases  can 
be  divided  into  two  groups:  those  with  tetragonal  symmetry  (4mm),  which  are  ferroelec¬ 
tric,  and  those  with  orthorhombic  symmetry  (mm2),  which  are  both  ferroelectric  and 
ferroelastic. 


The  origin  of  ferroelectric  properties  in  these  materials  is  best  understood  in 
terms  of  their  high  symmetry  prototype  phase,  which  in  this  case  is  4mm.  A  Gibbs  free 
energy  function  can  be  derived  for  this  phase  which  incorporates  the  effects  of  polariza¬ 
tion  and  tem[xmature.  The  excess  Gibbs  energy  in  the  ferroelectric  phase  due  to  nonzero 
polarization,  Pj,  along  the  three  principal  crystallographic  axes  may  be  written  as  a 
Tay  lor  series  expansion  in  powers  of  the  P^  given  by 


AGj  =  a^{P^  +  Pp)  +  u^P^  +  ujj(P^  +  P^)  +  U33P3 


^  .  ,3; 

'  '  ? 


(1) 
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+  a,,(Pf  +  P/)  P^  +  cx,.PfP^  + 
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where  the  Ej  are  the  corresponding  electric  field  components.  Setting  the  first  partial 
derivatives  of  aG  with  respect  to  the  polarization  equal  to  zero  gives  the  field 

components: 


Ef  -  2ajP^  +  +  2aj3P^P3  + 


Ep  =  2ajP2  +  ^  ^  ^*^13^2^3  ^ 


E3  =  2a3P3  +  4a33P3  +  2a^3{P^  +  Pp)  P3  +  ... 


■inalK,  the  dielectric  stiffnesses  3E|/3P|  =  xjj  = 


Ml  "  ■*'  ^"^12^2  ^“13*^3 


Xpp  =  2a^  +  12a|j^Pp  +  *  ^^13^3  ^ 


(2) 


(3) 


In 


the  paraelectric  phase  (Pj  ^  Pp  r  P3  r  0),  the  stiffnesses  follow  a  Curie-Weiss  law  w'ith 


Ml  '■  M2  "  ^“1  "  (T-Oj)/Cj 

M3  "  ^^*3  "  (^-'^3)/C3 


(4) 


2 

If  O3  ^  i,  |,  the  material  will  go  into  the  tetragonal  (4mm)  state  {P3  *  0)  below  the 
ferroeliH  trie  transition  temperature,  T^.  Hence,  since  P3  increases  at  much  less  than  a 
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linear  rate  below  T^,  £33  =  (e^  will  decrease  with  decreasing  temperature, 

whereas  ej  ^  will  increase  below  T^.  Conversely,  if  >  G3,  the  material  will  go  into  an 

2  2 

orthorhombic  (mm2)  state  {Pj^  =  »  0)  in  the  ferroelectric  phase.  In  this  case, 

will  decrease  with  decreasing  temperature,  whereas  £33  will  increase. 

The  consequences  of  the  two  types  of  ferroelectric  states  on  the  electro-optic 
behavior  may  be  found  in  the  phenomenological  expressions  for  the  linear  electro-optic 
coefficients,  r-.  For  tetragonal  (4mm)  bronzes,  these  are  given  by 

''31  ^  2S31^3'o''33 

'"33  =  2S33p3‘-o^33  <5) 

'■42  ''51  ^  S44P3"o"  1  1  ’ 

\'vfiere  the  g's  are  the  quadratic  electro-optic  coefficients  of  the  paraelectric  phase; 
generally  g33  is  much  greater  than  either  g|3  or  As  a  consequence,  room 

temperature  values  for  £33  are  usually  large  for  tetragonal  ferroelectric  bronzes  (e.g., 
SBN.mO),  although  can  also  become  large  as  a  consequence  of  the  increasing  £|[ 
belov.  Tj,. 

For  orthorhombic  (mm2)  bronzes,  the  corresponding  linear  electro-optic 
coefficients  are 
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‘‘1 1  -  2giiP3^o^lI 


■'21  -  2S2iPi^oM1 


^31  "  2g3[P,eo^33 


(6) 


'"4  3-  ‘'53  -  S44Pl^-^^33 


'‘61  ■  ’'62  ^  gz+^Pl'^oM  1  * 

ticncc,  r[[  can  be  large  for  orthorhombic  bronzes,  but  the  increasing  below  can 
also  tviake  r^j  and  r^^  large. 

SbLbCTED  TUNGSTEN  BRONZE  SYSTEMS 


Table  1  lists  key  properties  of  the  more  important  tungsten  bronzes  grown  to 
date.  Vie  have  selected  four  different  types  for  growth  studies,  namely,  Sr j_j,Baj,Nb20^, 
Ba2_^.Sr^K  j  _^,Na^,N'b^Oj  Sr2.^Ca^NaNb50j  ^  and  Pbj  _j.Ba^Nb20£j,  because  of  their 
distinctly  different  ferroelectric  and  optical  characteristics.  These  are: 

1.  SBN  System;  Exhibits  strong  transverse  optical  effects 

largely  independi.-nt  of  the  Ba:Sr  ratios 
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2. 


BSKNN  System: 


‘Exhibits  strong  longitudinal  optical  effects  for 
K-rich  BSKNN  crystals. 


‘Exhibits  large  longitudinal  and  transverse  effects 
large  for  Na''^-rich  BSKNN  crystals. 

3.  sew  System;  ‘Exhibits  longitudinal  and  transverse  optical 

effects  which  are  large  and  nearly  equal  for 
most  compositions. 


PBN  System:  ‘Exhibits  strong  transverse  effects  for  x  <  0.37 

MPB  at  X  z  0.37  (mm2). 


‘Exhibits  strong  longitudinal  effects  for  x  i-  0.37 
(ttiiim). 


A  brief  description  of  each  of  these  bronze  crystals  is  given  below. 

SBN  Svstem 
_ 

The  solid  solution  system  Sr  |_j.Baj.Nb20£j,  0.73  £  x  <  0.25,  belongs  to  the 

tungsten  bronze  family  even  though  the  end  members,  SrNB20^  and  BaNb20^,  do  not 

exhibit  a  bronze  structure.  This  solid  solution  is  based  on  the  formula  (Aj)^(A2)2B[q03q 

in  which  both  Sr^'^  and  Ba'^'^  are  in  the  13-  and  12-fold  coordinated  sites;  since  these  sites 

are  partially  empty,  the  SBN  solid  solution  is  referred  to  as  an  unfilled  bronze.  Japanese 

27 

work  reports  that  SrQ  ^Bag  ^^Nb20^  (bBN;60)  is  close  to  the  congruent  melting  region, 
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and  not  SfQ  ^Bag  ^Nb20^  (SBN;50)  reported  by  Carruthers  et  al  *  in  the  early  1960s. 
More  detailed  information  on  this  system  can  be  found  in  earlier  papers. 

BSKNN  System 

The  Ba2_xSrj^K  j_yNayNb^Oj^  compositions  exist  on  the  SrNb20^-BaNb20^- 

1  9 

KNb03-NaNb0^  quaternary  system  as  shown  in  Fig.  2.  The  BSKNN  crystals  listed  in 
Table  1  exist  on  the  BSKNN-1  -  BSNN-4  binary  joint,  and  we  currently  believe  that  there 
exists  a  tiiorphotropic  phase  boundary  (MPB)  region  between  BSKNN-2  and  BSKNN-3.  In 
this  system,  BSKNN-1  is  tetragonal  at  room  temperature,  whereas  BSNN-4  is  orthor¬ 
hombic  and  hence  permits  MPB  regions.  The  BSKNN  solid  solution  is  also  based  on  the 
formula  )^(A2)2B|q03q  in  which  the  larger  Ba^"^,  Sr^'^,  K"^  and  Na"^  ions  are  in  the  1.^ 
and  12-fold  coordinated  sites.  In  this  case,  both  of  these  sites  are  completely  filled; 
hence  this  solid  solution  is  referred  to  as  a  filled  bronze. 

SCNN  System 

The  solid  solution  Sr2_^Caj.NaNb30]3,  0.0  <  x  <  0.33,  belongs  to  the  orthor- 
hornbic  bronze  structure  for  all  Ca  ^  additions,"^  and  as  shown  in  Fig.  2,  the  dielectric 
properties  increase  with  increasing  Ca^'^  up  to  20  mole%.  The  main  feature  of  this 
system  is  that  it  exhibits  transverse  and  longitudinal  optical  effects  which  are  large  and 
nearly  equal.  This  is  the  first  system  where  we  have  found  both  properties  to  be 
potentially  large.  Like  BSKNN,  SCNN  crystals  have  a  filled  lattice  structure. 
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PBN  System 


The  Pbj_j.Baj^Nb20^  solid  solution  exhibits  an  MPB  region^^’^^  at  x  =  0.37 
(Fig.  2).  For  X  <  0.37,  the  compositions  are  orthorhombic  at  room  temperature  with 
large  transverse  optical  effects,  whereas  for  x  >  0.37,  the  compositions  are  tetragonal 
and  exhibit  large  longitudinal  effects.  Although  we  have  recently  reported  various  other 

OA  3 5 

bronze  MPB  systems,  ’  the  PBN  solid  solution  remains  as  the  best  studied  MPB  bronze 
and  is  potentially  very  useful  for  a  number  of  optoelectronic  applications. 

CRYSTAL  DEVELOPMENT 


Table  2  lists  a  number  of  tungsten  bronze  single  crystals  grown  in  our  work  and 
their  associated  grov.th  conditions.  The  Czochralski  pulling  technique  was  used  for  these 
growths,  with  the  crystals  pulled  from  2  »  2"  platinum  crucibles  in  an  oxygen  atmosphere 
to  rnininiize  the  reduction  of  Nb^^  to  Nb^"^.  Initially,  spattering  during  growth  was  a 
severe  problem  due  to  the  incomplete  decomposition  of  BaCO^;  this  problem  was 
subsequently  eliminated  by  sintering  the  starting  materials  above  1350°C  (the 
decomposition  temperature  of  BaCO^).  The  crystals  were  grown  along  the  <001>  direc¬ 
tion  using  suitable  seed  material,  and  after  growth  was  completed  they  were  held  in  a 
post-annealing  furnace  and  then  slowly  cooled  to  room  temperature.  Crystal  cracking 
during  cooldown  through  the  paraelectric/ferroelectric  phase  transition  was  initially  a 
problem,  but  this  has  now  been  minimized  for  tetragonal  bronze  crystals.  Flowever,  this 
problem  ib  still  a  concern  for  orthorhombic  crystals. 

U  e  initially  developed  our  growth  technique  for  Srj  j^Baj.Nb20^,  x  =  0.25,  0.40 

and  0.50,  because  of  its  excellent  electro-optic  and  pyroelectric  properties.  Early  w,ork 
2S  29 

a!  f'n'il  Laboratories  ’  indicated  that  SBN:5'"  xas  the  congruent  melting  composition 
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within  this  system,  and  SBN:50  growth  was  performed  at  various  laboratories.^^'^^ 

27 

Subsequently  in  1976,  Megumi  et  al  reported  SBN:60  to  be  closer  to  the  congruent 

melting  region.  Our  crystal  growth  work  has  confirmed  these  results  by  achieving  optical 
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quality  SBN:60  growths  of  up  to  3  cm  diameter,  ’  while  the  growth  of  SBN;75  and 
SBN:50  has  been  comparatively  more  difficult,  with  maximum  crystal  diameters  of  2  cm. 

Figure  3  shows  optical  quality  SBN  single  crystals  grown  along  <001>.  These 
crystals  grow  m  a  cylindrical  shape  w'ith  24  prominent  facets,  with  these  features 
unchanged  for  different  Ba:Sr  ratios.  Although  the  growth  of  SBN:75  and  SBN:50  has 
been  widely  studied, their  growth  has  been  confined  to  smaller  sizes  to  maintain 
moderate  optical  quality.  Based  on  our  extensive  crystal  growth  experiments  in  this 
system,  we  believe  that  SBN:60  is  close  to  the  congruent  melting  region,  with  a  solidus- 
liquidus  gap  substantially  narrower  than  for  either  SBN:75  or  SBN:50.  In  general,  the 
optical  quality  of  these  crystals  depends  not  only  on  this  factor,  but  also  on  factors  such 
as  temperature  stability  during  grow'th  and  the  purity  of  the  starting  materials. 

Doping  of  SBN  crystals  with  Cc^'*’,  Cr^"^  and  La^"^  does  not  degrade  optical 

quality,  with  doped  crystals  being  successfully  used  in  photorefractive  and  pyroelectric 

studies.*^  However,  the  addition  of  Fe^"^  introduces  optical  striations  which  have  proven 

difficult  to  suppress  under  the  current  grow'th  conditions.  La^^-doping  was  basically 

studied  for  pyroelectric  applications  and  it  was  found  that  although  the  quality  of  these 

crystals  remains  generally  good,  La^^  doping  in  excess  of  1  mole%  changes  the  crystal 

1 8  9 

shape  from  cy  Imdrical  to  squarish,  as  shown  in  Fig.  4.  Liu  et  al  also  investigated  the 
growth  of  La^'-(jQpecf  SBN;30  crystals,  but  they  did  not  report  such  changes  in  the  shape 
ot  their  crystals. 
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Three  distinctly  different  BSKNN  compositions,  listed  in  Table  2,  have  been 
grown  in  optical  quality  up  to  1.5  cm  diameter.  Since  the  BSKNN  system  contains  five 
components,  it  is  very  difficult  to  precisely  determine  the  true  congruent  melting 
composition  on  the  BSKNN-1  and  BSNN-4  binary  joint.  This  system  was  originally  intro¬ 
duced  by  Cross  and  co-workers, and  later  studied  in  China^^  without  mention  of  the 
existence  of  a  congruent  melting  composition.  However,  the  growth  of  BSKNN-2  and 
BSKNN-3  is  relatively  easier  than  BSKNN-l  and  show  superior  optical  quality,  suggesting 
that  the  congruent  melting  region  may  be  in  the  vicinity  of  BSKNN-2  and  BSKNN-3. 

Figures  shows  BSKNN-1  and  BSKNN-2  crystals  grown  along  <001>,  with 
BSKNN-3  having  a  growth  habit  similar  to  BSKNN-2.  Note  that  BSKNN-1  grows  in  a 
square  shape  with  four  well-defined  facets,  whereas  the  relatively  smaller  unit  cell 
BSKNN-2  and  B5KNN-3  grow  in  an  ociohedron  shape  with  eight  facets.  Another  bronze 
composition,  K2Li2Nb50|^  (KLN)^'  grovi.s  in  a  square  shape  similar  to  BSKNN-1, 
suggesting  that  this  growth  habit  is  common  for  larger  unit  cell  bronzes  containing 
alkaline  ions.  As  listed  in  Table  2,  the  dielectric  and  optical  properties  for  these  larger 
unit  cell  crystals  (BSKNN-1,  KLN)  are  generally  smaller  than  for  the  smaller  unit  cell 
BSKNN-2  and  BSKNN-3  crystals.  Another  interesting  feature  of  the  BSKNN  system  is 
that  as  one  moves  from  BSKNN-2  to  BSKNN-3,  the  transverse  effects  ^C33>>'33)  become 
larger,  suggesting  the  possible  existence  of  a  morphotropic  phase  boundary  region 
between  BSKNN-2  and  BSKNN-3  (Fig.  6).  Further  work  is  in  progress  to  establish  the 
existence  of  an  MPB  region,  if  any,  within  this  binary  join. 

The  growth  of  orthorhombic  Sr^  qCaQ  [NaNb^Oj^  (SCNN-2)  and 
Sr  j  ^Cuq  2NaNbjO|^  (SCNN-1)  was  found  to  be  more  difficult  than  BSKNN  and  SBN  due 
to  a  lower  crystal  symmetry  ar;d  the  lack  of  information  on  the  congruent  melting 
compositions  within  this  system.  Initially,  these  crystals  were  grown  using  SBN:60 
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crystal  seeds  and  as  better  SCNN  crystals  became  available,  they  were  subsequently  used 
as  seeds.  Currently,  SCNN  crystals  have  been  grown  up  to  0.7  err  diameter  with 
reasonable  quality;  Fig.  7  shows  an  SCNN-2  crystal  grown  along  <001>.  SCNN  grows  in  a 
cylindrical  shape  and  exhibits  certain  facet  formation,  although  the  actual  number  of 
facets  has  not  been  conclusively  established.  Ce'^^-doped  SCNN-2  was  recently 
examined  in  pholorefractive  measurements,  and  although  the  crystal  quality  needs 
improvement,  strong  photorefractive  effects  were  evident.  Further  work  is  underway  on 
ttK'se  SCNN  compositions  to  improve  their  size  and  quality  for  various  device  studies. 

The  Pb'^^-containing  bronze  composition,  Pbg  gBag  ^Nb20g  (PBN:60),  has 
proven  even  more  difficult  to  grow  due  to  the  continuous  loss  of  lead  during  growth. 
Although  we  have  succeeded  in  growing  approximately  1  cm  diameter  crystals  at  Penn 
State, homogeneity  has  been  poor  due  to  lead  loss.  This  composition  is  important 
primariU  because  it  has  the  highest  potential  figures-of-merit  (FOM)  for  optical  and 
nonlinear  optical  applications.  To  better  realize  the  benefits  of  such  high  FOM  materials 
and  to  better  understand  their  basic  properties,  w'e  are  currently  developing  single 
crystal  films  of  PBN':60  on  SBN;60  substrates. U'e  believe  that  the  growth  of  these 
materials  in  the  form  of  thin  films  will  ultimately  prove  more  beneficial  to  device 
applications  than  the  poorer  quality  bulk  single  crystals. 

Figure  8  shows  idealized  forms  of  the  growth  habits  for  bronze  ferroelectric 
crystals.  Since  only  a  few  orthorhombic  bronzes,  such  as  Ba2NaNb50j5,  Pb2KNb^Oj^, 
K2BiNb^O[  5  and  K^Li2(Ta[_^Nb^)^0|5  (KLTN)  have  been  grown  in  decent  size,  the  basic 
growth  habits  of  those  crystals  are  not  yet  well  established,  except  for  KLTrs  which 
grows  as  square  crystals.  Based  on  our  w'ork,  it  is  clear  that  heat  flow  and  other  growth 
factors  are  important  in  developing  facets  in  all  of  those  crystals. 
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PROBLEMS  ASSOCIATED  WITH  ATTAINING  OPTICAL  QUALITY 


Tetragonal  SBN  and  BSKNN  single  crystals  have  proven  comparatively  easier 
to  grovv'  than  orthorhombic  SCNN  crystals.  However,  the  quality  of  SCNN  crystals  has 
been  adequate  for  the  measurement  of  ferroelectric  properties  such  as  the  dielectric 
constant,  polarization  and  pyroelectricity.  Nevertheless,  the  crystal  quality  for  optical 
measurements  has  not  been  adequate. 

As  shown  in  I'ig.  9,  we  have  encountered  numerous  problems  in  all  bronze 
crystal  growths,  particularly  for  BSKN'N  and  SCNN.  Although  moderate  to  large  size 
crystals  have  been  developed  in  all  of  these  compositions,  the  following  problems  have 
been  of  greatest  concern; 


1.  Multicomponent  solid-solution  systems,  making  it  difficult  to  establish  true 
congruent  melting  regions. 

2.  High  material  melting  temperatures  (:■  1430°C),  resulting  in  volatilization  and 
oxidation-reduction  (Nb^^  *•  Nb^^)  problems. 

3.  Exchange  among  crystallographic  sites,  specifu;ally  of  the  15-  and  12-fold 
coordinated  ions  such  as  Da^^,  Sr^^,  K^,  Na^,  causing  severe  striations. 

9.  Cracking  of  crystals  when  passing  through  the  paraelectric/ferroelectric  phase 

transition  temperature.  This  problem  is  more  severe  for  orthorhombic  SCNN 
crystals  berausv-  they  undergo  two  phase  transitions,  i.e.,  paraelectric/ 
fem:>electru  (at  ‘  :gh  temperature)  and  ferroelectric/ferroelastic  (at  lower 
tenifieratiire). 
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Because  these  bronze  systems  are  multicomponent,  often  incorporating  four  or 
more  elements,  compositional  fluctuations  on  a  large  scale  were  routine  in  our  early 
growth  experiments,  producing  defects  such  as  coring,  banding,  bubble  formation  and 
striations,  as  summarized  in  Fig.  10.  These  defects  were  partly  related  to  the  poor  heat 
flow  through  the  growth  interface  resulting  from  oxygen  loss  at  elevated  temperatures. 
These  cr\stals  also  twinned  easily,  probably  due  to  the  above  plus  the  complicated  unit 
cell  and  a  poor  choice  of  grow  th  temperature  gradients.  U'e  quickly  realized  that  sharp 
leiiiperature  gradients  were  not  appropriate  lor  growing  these  bronze  materials,  as  they 
leiioed  to  produce  crystals  with  high  dislocation  densities  along  the  c-axis  with  massive 
strain  fields,  twinning,  and  the  cracking  cf  boules  when  cooling  to  room  temperature  or, 
in  tfie  Worst  eases,  even  while  the  ci  vstals  were  growing.  These  experimental  results  led 
O'  to  tt-.e  ceveloi>inent  01  lower  temperature  gradients  near  the  melt  interface  and,  as  a 
result,  boule  qualit>  iia--  gradualK  improved  witli  the  successlul  suppression  of  coring  and 
I  oinpositionai  1  lue  tun  ions  responsible  tor  banciing. 

Aliliougti  coring  and  conqiositional  fluctuations  (banding)  were  finally  ellmin- 
a'.ed  to  a  large  extent,  tne  crystals  worn  still  found  inadequate  for  optical  studies  due  to 
thi.-  presence  oi  striations.  At  itiis  stage,  ellort  shifted  towards  investigating  the  prob¬ 
lems  associated  with  optica!  striations,  and  it  was  found  that  the  following  factors  were 
iinpcii  lant  Conl r i b' i tor s: 


hiipn’!'.!!'  in  starling  materials,  particularly  iW 


1  i'iii|)er,!;ii-(.'  iiislu.'jihfi.  near  the  solid-liquid  interface. 
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Cooling  rate  variation:  Under  different  cooling  rates,  the  distribution  of  Sr^"^ 
and  Ba^^  on  the  15-  and  12-fold  coordinated  sites  varies  (for  example, 
increases  with  faster  cooling  rates),  and  striations  result  due  to  nonuniform 
distributions  of  these  ions. 

Since  Fe^^/Fe^^  .s  an  active  dopant  in  producing  favorable  photorefractive 
effects  in  Ba2NaNb^Oj5,  KNbO^  and  LiNbO^,^^’^^  its  role  has  been  studied  in  SBN  and 
B.^KNN  in  some  detail.  In  the  tungsten  bronze  structure,  Fe^"^  occupies  the  6-fold 
coordinated  Nb^^  site  and  it  gives  a  beautiful  golden  yellow  color  for  low  doping 
levels.^*  Although  these  Fe-doped  bronze  crystals  also  exhibit  large  photorefractive 
eiiecis,  their  quality  is  degrdded  by  the  occurrence  of  striations.  Based  on  our 
investigations,  tnese  striations  exist  unless  ultra-pure  starting  materials  are  used  with 
iron  concentrations  less  than  2  to  3  ppm. 

In  order  to  understand  more  fully  the  role  of  6-fold  coordinated  cations,  we 

liave  also  introduced  Cr^'^  and  in  the  6-fold  site  and  have  found  that  the  crystals 

grown  are  of  optica'  quality  with  excellent  photorefractive  effects  up  to  0.20  wtA?  Cr^"^ 

or  Similar  attempts  to  replace  Sr^^  by  or  in  the  12-fold  coordinated 

site  have  also  been  successful,  and  these  crystals  also  have  excellent  quality  for  several 

applications.  In  particular,  Ce-doped  SBN  and  BSKNN  crystals  have  been  extensively 

used  in  photore'fractive  experiments,*^  *  *  while  La^^-doped  SBN  crystals  are  found  to  be 

1 8 

pariR  ularK  suitable  tor  pyroelectric  detector  studies.  Table  3  summarizes  the  various 
(Jopaiiis  mvestig.ited  and  their  site  preference  in  the  bronze  structure.  The  unusual  role 
oi  I’e*’  in  introducing  striations  is  still  a  mystor>  m  bronze  crystals  and  ww’  believe  that 
el  tort  siiould  bi-  continued  to  distinguish  its  ctiaracter  from  other  trivalent  dopants  such 
a  tJr  ^  ^  arid  \ti * . 


14 

342  ISA/ejv. 


Another  important  parameter  for  achieving  high  crystal  quality  is  the 
maintenance  of  a  flat  solid-liquid  interface  during  growth.  This  strongly  depends  on 
strict  temperature  stability  and  controlled  pulling  conditions  which  have  been  achieved 
by  the  use  of  an  automatic  diameter  control  (ADC)  system  in  our  growth  facilities. 
Currently,  two  different  types  of  ADC  systems  are  being  used:  one  weighs  the  boule 
during  growth  (Crystar),  and  the  other  weighs  the  crucible  (Technical  Specialties  and 
Services  (TSS)).  Both  systems  are  adequate  for  our  needs,  but  the  TSS  system  is  designed 
for  larger  crystals  of  SO  to  100  gms  total  weight.  Using  larger  crucibles  and  other 
necessary  modifications,  one  can  use  this  system  for  even  bigger  crystals  in  excess  of  300 
to  500  gms.  The  use  of  these  ADC  systems  has  improved  heat  flow  conditions  and  helped 
to  maintain  temperature  stability  of  ±  II2°C  or  better.  To  make  these  systems  more 
reliable  and  versatile,  they  are  now  interfaced  to  a  computer  to  maintain  a  constant 
crystal  diameter  through  the  control  of  the  pulling  rale  and  the  melt  temperature. 
Although  further  improvements  are  being  investigated,  the  present  crystal  quality  and 
diameter  control  are  sufficient  for  routine  large  production. 

Thin  polished  sections  of  numerous  crystals  have  been  examined  under  a  trans¬ 
mission  microscope,  examples  of  which  are  shown  in  Fig.  11.  When  bronze  crystals  have 
been  pulled  without  the  use  of  an  ADC  system,  they  are  invariably  striated.  On  the  other 
hand,  when  an  ADC  system  is  used  and  is  well  tuned  to  the  optimum  growth  conditions, 
the  crystal  quality  dramatically  improves  and  can  be  maintained  throughout  the  boule. 
However,  as  shown  in  Fig.  1 1,  the  system  needs  a  certain  amount  of  time  to  adjust  (1  to 
2  h),  and  once  the  heat  flow-  and  pulling  rates  are  optimized,  high  crystal  quality  can  be 
mamtuined  throughout  the  growth. 

The  development  of  striat lon-lree  SBN:60  crystals  was  found  to  be  easier  than 
other  bronze  crystals,  because  this  composition  exists  close  to,  or  at,  the  congruent 
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melting  region.  The  growth  of  optical  quality  BSKNN-1  crystals  was  difficult  since  it 
exists  far  away  from  the  so-called  congruent  melting  region,  which  appears  to  lie 
between  BSKNN'-2  and  BSKNN-3.  The  present  successful  growth  of  doped  and  undoped 
bronze  crystals  in  optical  quality  is  considered  to  be  an  essential  step  in  their  ultimate 
application  in  optoelectronic  devices. 

FERROELECTRIC  PROPERTIES 


Figure  12  shows  the  polar  axis  dielectric  properties  for  three  bronze  ferro- 
electncs  in  which  good  crystal  quality  has  been  attainable,  specifically  SBN:60,  BSKNN-2 
ana  Sr|_<^QCaQ  jQNaNb^Ol^  (SC.\'N'(19C/10)).  Both  SB\':60  and  BSKNN  show  very  large 
aicie^-iric  maxima  at  the  phase  transition  temperature,  T^.,  reflecting  the  essentially 
second  order  pliasc  transition  behavior  (T^.  t  O3)  of  these  materials.  SBN  compositions, 
in  general,  have  a  someuiiat  broadened  transition  region  due  to  their  unfilled  lattice 
structuit.-  compared  to  the  sharper  transition  of  filled  bronzes  such  as  BSKNN',  as  illus¬ 
trated  in  I'lg.  12.  On  'he  other  hand,  SCNN  crystals  are  somewhat  unique  in  that  the 
dielectric  mdxin.um  at  T^  is  an  order  of  magnitude  lower  than  that  found  in  either  SBN 
or  BSKNN,  v,iih  a  broad  secondarx  maximum  occurring  well  below  T^  due  to  a  ferro- 
elastu;  transition.  The  behavior  ol  the  ferroelectric  transition  in  SCNN  may  be  under¬ 
stood  by  an  examination  of  the  normalized  dielectric  stiffness  X23  £33  »  3S  shown  in 

I'lg.  13.  In  SCNN,  the  transition  temperature,  T^  (P3  i  0),  occurs  above  the  Curie 
temperature,  O3,  determined  from  the  extrapolation  of  the  high  temperature  slope  to 
>3^  -  0.  Hence,  unlike  SBN  and  BSKNN,  SCNN  is  a  first  order  phase  transition 
ferroelectric  with  T^  -  20>X"C  and  G3  =  2i*2"'C.  The  broad  secondary  transition  occurring 
near  90”C  is  ferroelastic.  causing  SCNN  crystals  to  be  weakly  orthorhombic  at  room 
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temperature.  However,  unlike  more  classic  orthorhombic  bronzes  such  as  PBN,  the  3-  or 
c-axis  is  the  unique  polcir  axis,  similar  to  tetragonal  bronze  ferroelectrics.  Hence,  SCNN 
is  referred  to  as  a  Type  II  orthorhombic,  or  pseudo-tetragonal,  ferroelectric  similar  to 
bronze  Ba2NaNb^Oj^(BNN). 

Figure  14  shows  the  a-  and  c-axis  dielectric  stiffness  properties  of  Cr-doped 
(0.01  wt9D)  SBN:60,  showing  the  large  difference  between  the  Curie  temperatures  0^  and 
typical  of  tetragonal  or  pseudo-tetragonal  bronze  ferroelectrics.  An  interesting 
feature  is  the  nearly  linear  variation  of  X33  with  temperature  in  the  ferroelectric  phase; 
from  the  standpoint  of  the  phenomenology  (Eqs.  (3)  and  (4)),  this  reflects  strong 
temperature  dependencies  for  the  higher  order  Devonshire  coefficients  033,  0333, 
etc.^^  This  behavior  is  also  observed  in  BSKNN  compositions  and  in  SCNN'  for 
temperatures  below  the  ferroelastic  transition  (Fig.  13).  Note  also  that  in  SBN:60,  xji 
(and  therefore,  t  |[)  varies  only  weakly  with  temperature  below  T^.  Hence,  the  linear 
electro-optic  coefficient  r^]  (Bq.  (5))  is  expected  to  be  only  weakly  temperature- 
aependent. 

Doping  with  Ce,  Cr  and  Mn  does  not  appreciably  affect  the  ferroelectric 

properties  of  these  crystals  for  dopant  concentrations  of  0.02  wt%  or  more,  depending  on 

the  dopant.  Lanthanium  doping,  however,  appreciably  broadens  the  dielectric  character 

1 8 

near  the  phase  transition,  and  significantly  lowers  the  phase  transition  temperature. 
This  is  important  for  pyroelectric  applications,  since  the  pyroelectric  coefficient. 
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achieves  a  maximum  near  where  the  spontaneous  polarization,  P^,  varies  rapidly  with 
temperature.  Hence,  La-doped  SBN:60,  with  close  to  room  temperature,  is 
particularly  suited  to  high  sensitivity  pyroelectric  detector  applications. 

Figure  15  shows  the  variation  of  the  spontaneous  polarization  and  the  pyro¬ 
electric  coefficient  as  a  function  of  temperature  for  undoped  SBN:60;  La-doped  material 
shows  the  same  characteristics,  with  the  curves  shifted  downward  in  temperature 
according  to  the  level  of  doping.  It  is  seen  that  is  only  a  weak  function  of 
temperature,  varying  as  (O3  -  over  much  of  the  temperature  range  below  the 

transition  temperature  for  SBN  and  BSKNN  compositions,  and  likewise  for  temperatures 
belov.'  the  90*^0  ferroelastic  transition  in  SCNN. 

In  general,  these  bronze  crystals  show  ver>  low  dielectric  dispersion  and 
dielectric  losses  after  poling  to  a  single  domain  condition.  Room  temperature  values  of 
the  dielectric  loss  tangent  (100  Hz- 100  kHz)  have  been  measured  as  low  as  0.0005  in  SBN 
and  B.SKNN  crystals,  with  dc  conductivities  of  5  •  10"*^  ohm'^-cm'^  or  less.  Poling  is 
relativel',  easy  to  accomplish  by  applying  a  moderate  dc  field  of  5-10  kV/cm  during  slow 
cooldown  from  the  transition  temperature.  However,  the  field  must  be  brought  up 
gradually  when  close  to,  but  below,  to  avoid  the  formation  of  a  thin  fracture  region 
underneath  the  positive  electrode.  Aside  from  this  consideration,  these  crystals  have 
proven  to  be  mechanically  very  rugged,  and  can  withstand  repeated  thermal  cycling 
without  damage. 


DISCUSSION 


Table  4  lists  the  optical  f igures-of-meri t  r^j/c  and  ir  r^/t  for  several  of  the 


Hmre  impof  tant  bronze  ferroelec tries  in  comparison  with  BaTiOj  and  KNbO^.  ith  the 


exception  of  PBN:60  bulk  crystals,  which  presently  suffer  from  inhomogeneity  and  a  lack 
of  optical  quality,  all  of  these  materials  possess  high  FOMs  and  good  optical  quality  for 
serious  consideration  in  several  optical  device  applications.  Perhaps  the  most  important 
of  these  applications  is  in  the  area  of  photorefractive  devices^^'^^  (optical  phase  conju¬ 
gation,  optical  computing,  etc.),  in  part  because  of  the  relative  ease  with  which  these 
crystals  can  be  doped  and  tailored  for  specific  spectral  regions  from  0.4  pm  to  the 
near-lR. 

One  of  the  more  encouraging  aspects  of  these  bronze  crystals  is  the  excellent 
uniformity  of  their  ferroelectric  properties  from  growth  to  growth.  Considering  that  all 
of  these  materials  are  solid  solutions  of  varying  complexity  and  high  melting  tempera¬ 
tures,  this  is  something  we  could  only  hope  for  when  this  work  was  initiated  eleven  years 
ago.  Although  each  new  material  system  presents  its  own  unique  set  of  growth  problems 
and  considerations,  all  of  these  materials  —  and  in  particular,  SBN  —  have  contributed  to 
a  better  overall  understanding  of  the  requirements  for  the  growth  of  homogeneous, 
optical  quality  crystals  of  moderate  to  large  size. 

SBN:60  remains  as  the  material  of  choice  at  the  present  time  because  of  the 
maturity  of  its  development  and  its  particular  suitability  for  investigating  new  dopants 
tor  photorefractive  applications.  However,  other  bronze  crystals,  such  as  BSKNN  and 
SCN.N,  may  ultimately  prove  more  advantageous  in  certain  applications,  depending  on  the 
specific  device  requirements.  Aside  from  bulk  crystal  applications,  bronzes  such  as  SBN 
and  BSKNN  are  being  investigated  for  guided  wave  optical  applications^’^  and  are  also 
being  effectively  used  in  our  wo  k  as  substrate  material  for  ferroelectric  and  super¬ 
conducting  thin  film  growths.  Witn  the  diversity  of  potential  applications  for  these 
cry-itais,  and  the  possibilities  for  developing  now  solid  solutions  within  the  tungsten 
bron.to  crystal  family,  it  is  evident  that  ferroelectric  bronze  crystals  will  continue  to 
play  an  important  and  growing  role  in  optoelectronics. 
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Ferroelectric  tungsten  bronze  BSKNN  crystals  tor  ptiotoro  f  rac  1 1  ve  ap-,  i  i  Cc  t  o 
K.K.  ^'e  j  r*^atinka  r ,  u.K.  Cory  and  J  .  F.  Cli'-'i.r 
RocKwell  International  Science  Center,  ThoasanJ  oacr,,  i_A  iilio 


Abstract 


Ce-doped  tungsten  bronze  B32_^Srj^Kj_  NayNo^Oi^  (BSKIIi;)  t  e  r  roe  le  c  t  r  i  c  ciy.-t, 
beer,  grown  by  the  Czocn  ra  i  s-i  i  teci.a  igue ,  and  are  toune  to  be  of  optical  guaj-ity 
excellent  photore  f  rac  1 1  ve  properties.  Although  the  BSKNi;  crystals  studied  h.jce 
qonal  bronze  structure  at  room  temperature,  their  growth  liaoits  are  difterent:  r 
grows  in  a  square  si. ape  with  four  well-defined  facets,  while  BSK.h’h-2  crystals  hi 
octahedron  siiape  witn  eight  well-defined  facets.  Ferroelectric  and  opticil  n-.c;,. 
show  thes-,  crystals  to  have  strong  longitudinal  effects  siitilai  to  e  r.j ^  ee  y 
excellent  self-iunpvd  phase-cor.gugate  behavior. 


IS,  r.ave 
wit.. 

c  tetl.i- 
vK 


I  ntroduct ion 


Tetragonal  tunusten  bronze  BSKNN  is  a  ferroelectric  iratsiria!  with  :  :  ii-  rtli.'  si'iiai 
to  BaTiOs,  but  with  a  f  e  r  r  oe  lo  c  t  r  i  c,/ pa  rae  lec  t  r  i  c  transition  occurring  at  relativfjiy  nig.'. 
te.T.pe  ra  tares .  ‘  According  to  the  recent  wer:-;  by  Rodriquez  ct  al,‘ 

Ba;  .  s  Sr;  ,  s  K;  ^ ;  N’ai  ,  4  hbi  Oi  s  (BSK;;h-2)  crystals  have  an  excellent  potential  for 
photore  f  rac  1 1  VC  and  phase-congugat  ion  applications  because  of  the  followin.g  teat.,r.-s; 

1.  Exhibits  large  longitudinal  effects,  e.g.,  elect  ro- apt  i  c  coefficient  r-_  ;  is 
~  4  U  2  X  1 C  “  •  '  r:  . 


Exhibits  large  dielectric  anisotropy  witt.  cii  ^  eij  thus  witi.  a  larn.  photei'.- 
fractive  f  ig  u  re-o: -me  r  1 1  n' r  ^  . 

Most  BSKhN  compositions  melt  neafiv  cong  r  ue  n  t  i  y  anu  also  at  re  i  a  t  i r  te 
tures  (s  14oi.'°C'i  than  otr.tr  ; — tor-.- f  rac  1 1  ve  crystals  nuct.  ar  ba'liv,-  i-  it5u‘':.v  an.: 
SBN  >  luiu'd). 


4.  Growth  of  large  size  (-  1.5  cn  i.i  iiar.eter),  opt  ica  1-qual  i  ty  crestai...  i.a-  now  been 
de. tons t  rate.: . 


We  ha've  grown  a  numiber  of  crystal  compositions  in  trie  BSKhN  systc-  ''  '  '  anu  nave  tounu 
that  these  cry,stals,  particularly  BSKNh-2,  have  excellent  potential  for  e  lec  t  ro-O;  1 1  c  an.: 
photore f rac 1 1 ve  app 1 1 ca t ions .  This  paper  reports  preliminary  data  on  the  growth  of  Ce- 
doped  Ba.  ,  2  Sr: .  6  Kt  . Na^  ,  7  i  Na; . :  s  Nbi  Oi ;  rBSKNN-1)  and  BSKNt;-2  crystals  and  oata  on  phaso- 
congugate  effects. 


Experimenta 1 


The  tungsten  bronze  BSKNf;-!  and  BSKMN-2  compositions  exist  on  the  SrNb: 0< -BaNoz Ot - 
KNbOj-NaNbOs  system,  even  though  the  end-member  materials  do  not  belong  to  the  tungsten 
bronze  structural  family.  The  discussion  of  the  tungsten  bronze  solid  solution  range  and 
the  types  of  bronze  structures  has  been  published  elsewhere.^  Tungsten  bronze  composi¬ 
tions  are  represented  by  the  chemical  formulae  ( Ai ) u ( A2 ) 2 C^ Bi o O3 o  and 

( Ai  )  1.  (  A2  ) 2  Bl  0 O3 0  ,  where  Ai  ,  Aj  ,  C  and  B  are  the  15-,  12-,  9-  and  6-fold  coordinated  lat¬ 
tice  sites.  Since  the  C  sites  are  empty  in  the  BSKNN  solid  solution,  BSKNN  is  repre¬ 
sented  by  the  second  chemical  formula  with  all  of  the  15-  and  12-fold  coordinated  sites 
completely  filled.  It  is  interesting  to  note  that  although  the  bronze  Srj_  Baj^Nb^Ot 
(SBN)  solid-solution  system  is  also  represented  by  the  latter  Formula,  the  15-  ana  12- 
fold  coordinated  sites  in  this  case  are  partially  empty. 


Single  crystals  of  BSKNN  were  grown  using  ultra-pure  BaC03 ,  SrC03 ,  K2 CO3 ,  Na2 CO3 , 
Nb2 Os  and  Ce02  powders.  The  CzochralsKi  crystal  growth  furnace  used  was  rf  induction- 
heated  at  370  kHz,  and  the  crystals  were  cooled  through  their  paraelectric/ferroelectric 
phase  transition  in  an  after-heater  furnace. 


A  variety  of  techniques  were  used  to  evaluate  the  ferroelectric,  optical  and  photo- 
refractive  properties  of  these  crystals.  Crystals  belonging  to  the  tetragonal  point 
group  4mm  have  three  electro-optic  ( rs 3 ,  rs 1  and  ri 3 ) ,  the  piezoelectric  (d33<  di s  and 
di3)  and  two  dielectric  constants  (c33  and  tii),  thus  requiring  samples  of  different 
orientations.  Bar  and  plate  samples  oriented  along  (001)  and  (100)  were  cut  with  a 


SPI£  Vol  739  Phase  Conjugation,  Beam  Combining  and  Diagnostics  (1987/  /  9t 


tiia.Tioa^i  saw  :  roin  the  boules,  and  then  were  lapped  and  poiisned  to  an  optical  finish. 

Prior  to  most  .ne  a  s  j  remen  t  s ,  the  crystals  were  poled  by  the  t  leld-cool  in<j  method  un.ier  a 
dc  in.’Ui  ot  d-10  kV,.  Cm.  alon.j  the  polar  axis  (UOl). 

Growth  ot  de-^oed  BdKNN  crysals 

To  use  BSKhN  crystals  tor  photore f rac t i ve  applications,  specitically  tor  ima'je  proc- 
cssinij,  optical  coitpatin^  and  phase  con  j  a.ja  t  ion,  it  is  important  that  the  change  in  the 
photoro f ract i Ve  index,  n,  should  be  large  and  should  occur  rapidly.  The  change  in  n  is 
given  oy 


r  E 
'ill 


where  r  is  tile  e i oc t ro-opt ic  coefficient  and  E  is  the  space-charge  field.  Since  the 
electro-optic  coa t f  ic lent  is  relatively  constant  for  a  given  crystal  composition.  An  can 
ue  enhanced  by  increasing  the  optically  generated  space-charge  field.  currently,  this  is 
an  active  area  of  research  in  ferroelectric  optical  materials  exhibiting  large  electro¬ 
optic  eftects,  such  as  SBh,  x  =  0.2S  and  0.40,  and  perovskito  BaTiOi  . 


In  our  laboratory,  we  have  found  that  both  the  photoref ract ive  spec ^  and  spectral 
respon.se  can  be  controlled  using  Ce^ ’^/Ce'* in  various  crystallographic  sites  in  SB\':60 
and  SB'.';''v>  crystals.’  These  Ce-doped  SBN  crystals  have  shown  excellent  pi.otore  f  rac  t  ive 
r'l’operties  wit;,  optical  phase-conjugate  behavior  comparable  or  better  tiian  Ba.’iOs.  For 
tnis  rea.son,  .lo-doped  BSKNN-1  and  BSKNN-2  crystals  were  grown  by  the  Czochralsk’  growth 
technigae  es  t  an  1  i  shod  tor  otiier  tungsten  bronze  crystals  suet,  as  .sBN:60,  SBN:73,  SKN  and 
rBN.'~®  Initially,  jndope  BSKN'r;  crystals  were  used  as  seed  material,  and  as  small  doped 
crystals  nucoi.e  avaiianle,  the  latter  wore  used  as  seeds  in  subse.juent  growths.  Typical 
jrowth  cone.  1 1  ions  are  as  follows: 


1.  Growt:'.  Tc ra  t  : 
M  .  r  j  I  I  1  ng  Ka  te  : 
i.  Growt,".  ::  1 :  uct  i.in  : 

4.  be  b.once  n  t  r  .1 1  lor. : 


1 4  d  U  -  1 4  a ^ 
r.-lJ  .t;:,,,  h 

0 . 0  0  w  L  ? 


•hi  en.coun  t.' re,i  t.",*'"  gr.jwti.  ot  .rtV;  and  otr.or  tungsten  bronze  crystals,  tne 
.1  ,.:c’.  r  a  1  s-;  1  .jriw'th  ot  i'.  1  ;i: -.jua  1  i  ty  BdKMh  crystals  can  bo  adversely  affected  by  a  number 
,'t  tactH's,  ioadi".  !  f..)  b..i  1  k  ctystal  tractate,  co:;;.  asiti  'h  no.-,  jn  1 1  .or:r.  1 1  y  and  optical 

striatb'ris.  'f  ;acii)rs,  f-',.:.  r.ost  sigr.ificant  are: 


! '.purities  in  stirting  materials,  partioalarly  Fe^*. 

Rotation  an.i  pullini  rates.  In  particular,  the  rotation  rate  has  a  strong  influence 
in  t:.t.‘  ‘:'.t  uniformity  in  the  crystal. 

.'o.oiini  rate  variation.  The  Ba:,Sr  and  K:Na  distribution  on  the  15-  and  12-fol.i 
c -■  'f  :  1  na  te  ;  sites  change  wit:i  the  cooling  rate,  and  can  caase  severe  striatior. 


I",  aiiition,  tn.e  very  coitplexity  of  the  B.SK:,'N  solid-solution  syste.n  makes  successful 
crystal  growth  a  tore  difficult  task  in  comparison  with  simpler  systems  such  as  BBS. 

■<eve r ti.e  less ,  we  have  been  able  to  grow  op>t  ical -qua  1  i  ty  BSKNN-1  Crystals  up  to  1.2  cm, 
dia’.neter  and  BSKNN-2  crystals  up  to  1.5  cm  diameter  using  auto.natic  diameter-controlled 
Czociiraiski  crystal  growth.  Figure  1  shows  typical  BSKNN  crystals  grown  along  the  iOJl) 
axis. 


The  small  addition  of  Ce  (0.05  wt'»)  did  not  significantly  alter  tlie  growth  condi¬ 
tions  or  t'.e  f e r roe  lec t r 1C  phase  transition  temperature  for  either  BSKNN-1  or  BSKNN-2. 
The  doped  crystals  are  pink  in  color  and  show  differing  natural  growth  habits:  BSKNN-1 
grows  in  a  square  shape  with  four  well-defined  facets,  whiwe  BSKNN-2  has  an  octahedron 
growtii  habit  with  eight  well-defined  facets.  These  growth  habits  differ  from  other 
bronze  crystals  such  as  SBN:60  and  SBN:75,  which  are  cylindrical  with  24  well-defined 
facets.^ 


Cha  rac  te  r  i  za  t  ion 


The  grown  BSKNN  crystals  were  characterized  by  various  ferroelectric  and  optical 
techniques.  Both  BSKNN-1  and  BSKNN-2  exhibit  strong  longitudinal  effects,  e.g.,  large 
cil,  di  5  and  r;  i  ,  which  differ  from  other  tungston  bronze  crystals  such  as  SBN:60, 

SBN:75,  etc.,  in  which  transverse  effects  such  as  C33  and  r33,  are  stronger.  A  more 
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Figure  1 


BSKNN  crystals  grow;, 
along  ( 001 )  axis. 
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detailed  description  oi  coirparat i ve  crystal  properties  is  presented  in  anotner  paper. ‘ 
Table  1  suircta  r  1  zes  the  pho  tore  i  rac  1 1  ve  properties  of  BSKN\'  crystals  doped  with  Ce. 

Table  1.  Role  of  Ce^ in  Tungsten  Bronze  BSKNN  Crystals 


I  IS-  or  11-Foio  Coordinated  Sites  9-Fold  Coordinated  Sit._-r 

I 

i  •  Pink  in  color  cryst.i'is  wit:.  • 

absorptio.n  at  0.4i 

•  Fannin:  in  ircen  re..:  • 

•  Response  time  -  100  .ts  • 

•  C'bupling  coeflicient  -  10  c::  ”•  • 

•  Sensitivity  ~  10'^  J./'CT.!  • 

’  •  Opt  1 ca 1 -qua  1 1 ty  crystals  • 


*  Predicted  values 

Table  2  summarizes  the  optical  £ igures-of -mer i t  /t  and  r^,/t  for  a  number 

tungsten  bronze  and  perovshite  crystals,  including  SBN  and  BSKNN.  For  photoref racti ve 
applications,  the  relevent  t igure-of -mer i t  can  be  taken  as  n^ij-Zc,  which  car.  be  substan¬ 
tially  larger  in  bronze  crystals  than  in  perovskites.  In  the  case  of  BSKNN  crystals  ex¬ 
hibiting  large  longitudinal  electro-optic  effects  similar  to  BaTiOj ,  the  £ ig ure-of -mer i t 
can  be  raised  further  by  simply  cooling  below  room  temperature,  since  ei;,  and  therefore 
rs i ,  increases  below  room,  temperature,  whereas  t33  decreases,  as  shown  in  Fig.  2. 


Greenish-yellow  in  color  crystals 
with  absorption  at  O.Tz  to  0 . b 

rarnir. :  i;.  r-.-.,:  rvu 

Response  ti.mc-  -  5-6s* 

Coup! ing  >  0.9* 

Sensitivity  ~  10"^  J/Circ 

Optical-quality  crystals 


Fig.  2  Temperature  dependence  dielectric 
properties  for  BSKNN-crystal . 
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Table  j  compato^  the  major  properties  of  tungsten  bronze  BSKNN  and  perovskite  BaTiOj 
crystal-i.  Both  crystals  are  excellent  hosts  for  clestro-optic  and  photorefractivc  appli- 
Cdtions.  haTiOj  crystals  are  commercially  available  and,  as  a  consequence,  are  belnj 
stuili'Ht  extensively  for  optical  applications.  However,  BaTiOj  is  extremely  difficult  to 
qrow  in  the  large  sizes  possible  for  SBN  and  BSKNN  solid-solution  crystals.  In  the  case 
of  hSKfJNf,  Its  add i 1 1  ona I  advantages  over  BaTiOj  are:  1)  no  twinning  or  poling  problems 
due  to  t!u.-  simple  tetragonal-to-tertragonal  phase  transition  (4/mnim  to  4mm);  and  2)  cool- 
ifi‘1  enliances  the  ••  1  ec  t  ro-opt  ic  f  iguros-of-mer  it  rather  than  destroying  the  ferroelectric 
st.Ui-',  becausi-  the  te t ragona  1-or thorhomblc  phase  transition,  if  any,  lies  at  or  below 
lijuid  nitrogen  tem(;orcitur'.'. 


Table  2. 


h'lectro-Optio  Pigure-of-Mer it  for  Tungsten  Bronze  Crystals 


.  .•  (.  trison  Between  he 

li.ten  hr  >nze  liSKIih 


adin  i  i’boloref  t  ,iet  lee  Crystals 
Perovskite  KaTiO, 


111  i'll  n  1 1  r  1 


:  ',.;e  .  1 ’.•!it  !ni'.t  t  )t  photore  !  I  .ict  i  ve 
I'.i  e  . 1 1 ','-opt  le  .ijiji!  1  cat  ions 

hifie  ■.pile  ,111)  octahedron 
■1/  i!-.  (  •  1.1  cv. )  witli  optical 

i  I  I  i  1  t  /  .lie  1  va  1  1  a ii  1  e 

"11  ■■■  'i!  twlnniiM  ( 4/i;itiiu.  •  4imti) 

/ibs'iip'ion  and  re'sponse  controlled 
in  thi-  desired  spectral  range 
ir.in)  pr'ipei  c  ry  s  t  a  1  I  og  r  ph  1  c 
•  It''!  ')  lor  ,1  given  doi'anl 

■J  1  et  r  ijonal  to  or  lliot  lioirb  I c 
t  ans  I  •  Ion  oh  le  t  ved  down  I' 
t.'i  ter  pe  t  ,1  f  I  f  e 

Open  structure  -  structural 
il"xlbiliry  to  alter  crystal 
C'j'sijos  i  t  1  on 


hai'ie  1  '•!  j  1  •  ud  I  nal  I'ii,  dp,  i.. 
ava  1  1  ai.  1  e 

excel  le.it  liost  lor  photore!  ractive 
jfiil  e  I  ecl  ro-opl  1  c  appl  icat  ions 

Pare  KaTlOi  Ciystals  are  dilficalt 
t.)  grow 


go"  twins  ai  e  loesenl  ( ii,  Pi, 


4, -mV 


Ceotrollfd  spectral  response  with 
fiepants  possible,  but  dilficult 


•  Tetragonal  to  orthorhombic  lian- 
sillon  occurs  at  10*C 


Close-packed  structure!  limited 
comp'os  i  t  lonal  flexibility 


'e-riope  !  h;;KhN-2  crystals,  tii  particular,  stiow  oxcollcnv  pholot  of  ract  ive  proj^erties 
wit’i  a  fe  .ponse  limn  ol  around  1 ' rs  light  Inlensltlon.  We  expect  that  the  ios|>onse 
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:  line  could  ul  t  lino  te  i  y  oc  ijottef  ti.ctu  lor  de-ao;  eo  ,  since  B:  r.:,'.  j  ■  ^  s  t 

oolar  axis  dielectric  constant.  Anotntr  interestinu  teatuie  note.:  is  tnat  ti.e  s;-.  :trj. 
reponse  region  can  be  extendeo  f  ron  the  visiolr  to  ti.e  inirarfcu  i cnanu.ni  ti.s  s.te 
preterence  oi  tue  Ce  ion.  For  exan.pie,  when  !•  is  piaceo  in  t  ne  in-  or  li-1^..;  co.. rui¬ 
nated  sites,  pno  t  ore  £  cdc  1 1  ve  absorption  is  observe.:  in  t.ne  visib.e,  wr.ereso  t.ne  ano-i;- 
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Tat  les  4  an.i  saT.r.a  r  i  ze  the  Dca.T  fanning  and  se  1  f -puitp’e  J  pha  se  -  con  i  ug  a  t  •_  re-spor.se 
tir.es  for  BBKNh  an.;  ctiiei  It-adini  pihotore  £  ract  i  ve  materials  as  deter, tined  by  Ko  i  r  i  u  uo  .t 
et  al.^’  Based  or.  tiieir  investigations,  Ce-doped  BSKliN-C  ,  SBt.':60  ano  .SB’,;"’!)  bronze  crys¬ 
tals  are  presently  comparatle  to  BaTiO;  in  their  pe  r  Cor.r  an  ce- .  More  e  xpe  r  ir.en  t  a  .  data  or, 
ttiese-  crystals  are  being  obtained  at  trie-  L'.B,  Arn.y  Nig.ht  Vision  and  [ly  j-c  t  r  o- Dp  t  i  c  s 
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Co'sci  us  lOtiS 


The  prospect  for  the  furtiier  development  of  opt  ical -qual  i  ty  BSKN.'l  sol  la-sol  ut  icr, 
crystals  to  larger  sizes  (up  to  2  cn  in  .l.cmeter,'  are  bright,  and  efforts  towers,  that 
direction  are  in  progress.  It  is  expected  that  with  further  refinement  of  dopant  concen¬ 
trations  and  site  preference  distributions  in  the  tungsten  bronze  structure,  it  should  bt 
possible  t'-,'  optimize  the  photoret  ract  ive  response  time,  and  additionally  control  the 
spectral  response  in  the  visible  or  IR  regions.  Sir.ee  BSKN';  crystals  resemble  BaTiOs  in 
many  respects,  a  number  of  potential  optical  device  applications  can  be  anticipated  for 
tf.is  interesting  bronze  material. 
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ABSTICACT:  Optical  quality  Cr^’-dopcd  Sr^, .  „Ba^  , ^Nb:06  (SBN:60)  single  crystals 

have  been  grown  by  the  Czochralski  technique  with  boules  as  large  as 
2  crn  in  diameter  and  5  cm  long  being  grown.  The  doping  of  0.01  wt% 
Cr?"*^  on  the  6-fold  coordinated  Nb^  site  increases  the  dielectric 
constant  approximately  15%  and  reduces  the  phase  transition  tem¬ 
perature  from  ly  to  72'’C.  Photorefractive  fanning  measurements 
show  a  response  time  of  0.9  s  at  40  mW/cm^,  a  value  nearly  three 
times  faster  than  found  in  Ce^'^-doped  SBN:60  crystals. 

MATERIALS  INDE.Xaungsten  bronze  ferroelecirics,  strontium 

barium  niobale,  chromium  doping 


INTRODUCTION 


The  photorefractive  properties  of  ferroelectric  single  crystals  such  as  BaTi03 
and  tungsten  bronze  SBN:60  are  of  great  interest  because  of  their  potential  for  applica- 


tlons  in  optical  computing,  ima^e  processing,  phase  conjugation  and  laser  hardening. 
Recent  studies  indicate  that  Ce^^-doped  SBN:60  has  a  photorefractive  gain  and  time  of 
response  comparable  to  BaTiOj  (1-8).  In  our  recent  work,  we  have  measured  gains  as 
high  as  45  cm'*  and  response  times  as  fast  as  10-40  ms,  depending  upon  the  laser 
intensity,  for  Ce^^-doped  SBN:60  single  crystals.  Further  improvements,  specifically  in 
the  speed  of  response,  are  still  desirable  in  most  applications,  and  for  this  reason  we 
have  recently  undertaken  the  study  of  other  dopants  such  as  Cr^*  and 

Cr^^  +  Ce3^  in  SBN;60.  This  paper  reports  the  growth  of  Cr^'^-doped  SBN;60  single 
crystals  and  their  major  ferroelectric  and  photorefractive  properties; 


EXPERIMENTAL 


The  selected  Sro.  M^b^Og  (SBN:60)  composition  exists  on  the  SrNb206- 
BaNb206  system  in  which  a  complete  solid  solution  has  been  reported  between  these 
two  end  members  (10).  However,  the  ferroelectric  tungsten  bronze  (4mm)  solid 
solution,  Sr  i_^Ba^Nb205,  occurs  for  0.25  <  x  <  0.75,  with  SBN:60  being  the  congruent 
melting  composition  (11).  For  this  reason,  we  selected  this  composition  for  this  work, 
with  crystals  being  grown  using  ultrapure  BaCOj,  SrCOj,  Nb205,  and  Cr203  starting 
materials.  These  materials  were  batched  in  the  appropriate  ratios  and  thoroughly 
mixed  before  sintering  at  I350°C.  The  sintered  powders  were  then  melted  in  a 
platinum  crucible  (2  in.  in  both  diameter  and  height)  supported  by  a  fibrous  alumina 
insulating  jacket.  The  Cr.ochralski  furnace  was  rf  induction-heated  at  370  KHz,  and 
utilized  automatic  crystal  diameter  control.  All  crystals  were  cooled  through  their 
paraelectric/ferroelectric  phase  transition  in  an  after-heater  furnace.  Further 
information  on  SBN  crystal  growths  can.  be  found  in  earlier  papers  (1,2,12-14). 

A  '.ariety  of  techniques  were  used  to  evaluate  the  ferroelectric  and  optical 
properties  of  these  crystals.  Prior  to  measurement,  the  crystals  were  poled  by  a  field¬ 
cooling  method  (T  to  room  temperature)  under  a  dc  field  of  5-10  kV/cm  along  the  polar 
(001) a  xis  using  either  Au  or  Pt  electrodes.  The  completeness  of  Doling  was  checked  by 
measuring  the  dielectric  (.:o';:.ant  before  and  after  poling. 


RESULTS  AND  DISCUSSION 


SBNioO  single  crystals  were  doped  with  chromium  at  concentrations  of  0.0 11 
and  0.016  wt9o.  For  these  additions,  we  did  not  notice  any  major  changes  in  the  growth 
conditions  adopted  for  undop<?d  SB.M:60  single  crystals  (12,13).  The  growth  of  Cr^"^- 
doped  crystals  proceeded  without  undue  difficulties  under  the  following  conditions: 


1.  Melting  Temperature: 

2.  Pulling  Direction: 

3.  Crystal  Rotation  Rate: 

4.  Crystal  Pulling  Rate: 

5.  Growth  Atmosphere: 


14S5°C 
(001)  axis 
1 0-25  rpm 
6-10  mm/h 
Oxygen 


Initially,  undoped  SBN:60  crystal  seeds  of  optical  quality  were  used  for  these 
growths.  As  Cr^  -doped  crystal  seeds  became  available,  they  were  used  in  subsequent 
experiments  to  maintain  a  uniform  Cr^^  concentration  in  both  the  crystals  and  the 
melt.  As  shown  in  F'ig.  1,  crystals  as  large  as  2  cm  diameter  and  5  cm  long  have  nov. 


|j||lnillilllluijlllllllllllllllll(lllllllllinlltiil.||||||lllinil..'ilm'l....t 
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FIG.  1  C:  ^’■-doped  SrQ_^BaQ_^Nb20g  (SBN:60)  crystal. 

been  grown  along  the  (001)  direction.  Growths  along  other  orientations,  e.g.,  (100)  and 
(110),  were  also  attempted,  but  these  did  not  yield  crystals  of  sufficient  size  or 
quality.  For  this  reason,  all  succeeding  growths  were  performed  only  along  the  (001) 
direction  (3,-). 

Cr-'"-doped  SBN:60  single  crystal  boules  show  a  yellowish-green  color  with  24 
well-defined  facets,  a  unique  feature  of  these  solid  solution  crystals  (i  ,2,15).  The  color 
becomes  rnore  greenish  as  the  Cr^'^  concentration  is  increased.  SBN  solid  solution 
crystals  are  represented  by  the  chemical  formula  (A  |)h(A2);B  ,  0O3  c-  wihere  Ai,  A2  and 
B  are  in  15-,  12-  and  6-fold  coordinated  lattice  sites,  respectively.  Cr^'*’  occupies  the 
6-fold  coordinated  site.  Based  on  work  on  ceramic  samples,  we  have  found  that 

Cr  solid  solubility  is  surprisingly  high  (15  mole%  or  more)  even  though  the  charge 
difference  between  Nb-’  and  Cr'*’’  is  not  balanced. 

The  quality  of  ttiese  Cr-doped  crystals  is  generally  excellent  for  photorefrac- 
tive  applications.  Prior  to  this  w'ork,  we  also  investigated  the  growih  of  SBN:60  single 
crystals  doped  with  Fe^'^,  with  crystals  as  large  as  2  cm  diameter  being  grown  without 
any  problems  (1,2).  The  Fe^  /Fe^"^  ions  are  known  to  be  active  photorefraciive  species 
in  other  ferroelectric  hosts  such  as  BaTi03,  KNb03,  LiNb03  and  Ba2NaNb50i3  (16-19); 
however,  the  addition  of  Fe-~  in  SBN':60  resulted  in  degraded  optical  quality  due  to 
severe  striations.  Since  both  Cr^  and  Fe^  have  similar  ionic  size,  valence  states  and 
site  occupancy  in  the  tungsten  bronze  structure,  one  would  expect  to  achieve  similar 
results  in  crystal  optical  quality  for  these  two  dopants.  Efforts  are  underway  to 
distinguish  the  differences  arising  from  these  ions,  so  that  the  origin  of  striations  in 
Fe-doped  crystals  can  be  better  understood. 

Cr^*-doped  SBN:60  single  crystals  possess  ferroelectric  properties  similar  to 
undoped  crystals,  but  with  slightly  lower  phase  transition  (Curie)  temperature.  A 
reduction  in  T^  of  approximately  3°C  has  been  observed  for  a  O.Oll  wt%  addition  of 
Cr^'^.  A  similar  trend  has  also  been  observed  for  Fe^'*',  Ti***  and  (Ti''^  +  W^'’^)-doped 
SBN:60  compositions.  All  of  these  dopants  prefer  the  6-fold  coordinated  Nb^"*^  site  in 
the  bronze  structure.  However,  their  effects  on  photorefractive  properties  depend  upon 


the  electronic  structure  of  each  dopant.  Since  the  addition  of  (Ti'**  +  in  orthor¬ 
hombic  tungsten  bronze  PbNb206  raises  T  and  increases  the  piezoelectric  coefficients, 
we  had  expected  that  would  rise  for  Ti‘*^-dof«d  SBN;60,  something  which  was  not 
observed.  A  more  detailed  investigation  on  this  dopant  is  in  progress  and  will  be 
discussed  in  a  future  publications. 

The  room  temperature  c-axis  dielectric  constant  of  Cr-doped  SBN:60  is  around 
1100.  This  is  10-15%  higher  than  in  undoped  SBN:60  crystals  and  is  due  to  a  slight  drop 
in  T^  and  a  somewhat  shallower  slope  of  the  dielectric  constant  below  T^.  In  contrast, 
the  a-axis  dielectric  constant  of  485  is  virtually  unchanged  from  that  found  in  undoped 
SBN:60.  The  spontaneous  polarization,  P^,  was  determined  using  P  vs  E  hysteresis  loop 
measurements  and  integrated  pyroelectric  current  measurements  as  a  function  of  tem¬ 
perature.  Both  methods  yielded  a  value  of  P^  =  29  ±  0.5  coul/cm^  at  20°C,  comparable 
to  that  found  in  undoped  crystals.  The  static  coercive  (switching)  field  is  2.1  kV/cm; 
this  value  can  be  expected  to  increase  at  nonzero  frequencies  due  to  the  long  time 
constant  for  domain  reversal  (approximately  1  min)  at  this  applied  field. 

The  room-temperature  dielectric  losses  in  poled  Cr3'*'-doped  SBN:60  crystals 
are  tan  6  <  0.01  from  100  Hz  -  100  KHz,  with  vanishingly  low  dc  conductivities  of 
lO"!**  fl''‘-cm~'  or  less.  At  high  temperatures  (>  350°C),  the  dc  conductivity  has  a 
thermal  activation  energ\  of  approximately  1.6  eV,  indicating  that  the  equilibrium 
Fermi  level  is  pinned  near  mid-gap  as  in  the  case  of  undoped  SBN:60.  The  similarity  in 
the  dc  conductivities  of  undoped  and  Cr^  -doped  SBN:60  suggests  that  electron  donor 
levels  introduced  by  doping  are  closels  compensated  by  additional  acceptor  levels,  so 
that  the  overall  donor/accupior  ratio,  remains  essentially  unchanged. 

U'e  have  carriea  o..:  prclim:ri.:;ry  experiments  on  the  photorefractive  behavior  of 
an  opticalK'  polished  Cr-*-aoped  SBNifaO  cr\3tal.  The  transmission  spectrum  of  this 
crystal,  along  with  that  of  -doped  SBN;60  crystals,  is  given  in  Fig.  2.  As  can  be 
seen  from  the  transmission  spectra,  Cr^ ’’-doped  SBN:60  has  an  increased  red  response 
compared  to  either  the  undoped  or  Ce-'’^-doped  crystals.  Based  on  this  difference  in 
spectral  behavior,  Cr-'^'-doped  SBNroO  thus  has  potential  for  use  as  a  photorefractive 
material  at  laser  diode  wavek-ngtiia.  In  general,  the  photorefractive  response  of  these 
materials  shifts  toward  the  near  infrared  as  the  coordination  site  of  the  dopant  is 
lowered  from  the  12-fold  site.  For  example,  the  spectrum  of  the  Ce^'^’-doped  sample  in 
Fig.  2  is  typically  observed  when  Ce^’’’  occupies  the  12-fold  coordinated  site.  When 
Ce^’’  is  placed  in  the  9-fold  coordinated  site,  the  spectral  response  extends  to  longer 
wavelengths  (3,20),  as  in  the  case  here  for  6-fold  coordinated  Cr^’’’. 

We  have  measured  the  e* '  response  time  for  beam  fanning  (21)  using  a  FleCd 
laser  operating  at  440  nm  with  a  beam  diameter  of  1.4  mm.  These  results  are^iven  in 
Table  1  along  with  a  summary  of  the  ferroelectric  properties  for  undoped,  Ce^^loped, 
and  Cr3  -doped  SBN:60.  For  similar  dopant  concentrations,  the  Cr3''’-doped  SBN;60 
crystal  was  substantially  faster  than  either  the  undoped  or  the  Ce^^-doped  crystals.  In 
addition,  the  Cr^  -doped  crystal  was  also  found  to  be  faster  than  a  BaTi03  crystal 
measured  under  the  same  experimental  conditions.  However,  neither  the  dopant  species 
nor  concentration  was  known  for  the  BaTi03  sample,  although  it  displayed  a  behavior 
typical  to  reports  in  the  literature. 
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FIG.  2  Transmission  spectra  for  undoped  and  doped  SBN:60  crystals. 

TABLE  1 

Ferroelectric  and  Optical  Properties  of  SBN:60  Crystals 


f’ropei:,  t 

Ce3*-Dc;v.c 
(0.013  wt-J 

Cr  -Dopoc 

(0.011  wi9.) 

C  rystal  Sitto 

3  cii 

2.5  cm 

2  cm 

(Dianietot ) 

Crystal  Col.'r 

Pal..-  Creuiii 

r> , 

1  l■;l..'■.^■ls;^-Gr<•■.• 

Crystal  Quality 

Optical 

Opt:c..l 

Optical 

Dielectric  Constant 

C  ,,  r  920 

C-.  .  r  4-,C 

.  . =  r  1 lo: 

t  1  1  = 

'■11= 

1  ,  ,  =  4S5 

Pnase  Transition  Temp. 

7.^“C 

74“C 

72°C 

Electro-Optic  Coeff., 

465 

470 

560* 

r  3  ji.  10-'^  m/V) 

Polarization 

2S.5 

2S 

29 

(ycoul/cmt) 

Beam  Fanning  Response: 

At  40  mVt'/cmt 

2.5  s 

0.90  s 

At  0.2  U'/cmt 

— 

0.6  s 

0.30  s 

At  2.0  W/cm2 

— 

0.05  s 

0.018  s 

Stvctral  Response 

0.35  to  0.6 

0.4  to  0.6 

0.4  to  O.S*  • 

(vim) 

*  Estimated  value  using  r 

3  -  3 ; 

Qv  E  =  m'/cC 

•  “  Based  on  absorption  spectra. 


CONCLUSIONS 


Our  initial  studies  indicate  that  Cr^^-doped  SBN:60  has  the  potential  to  be  a 
new  photorefractive  material  that  is  competitive  with,  or  superior  to,  both  Ce3''^-doped 
SBN:60  and  BaTiOj.  Further  experiments  are  needled,  however,  to  determine  the 
photorefractive  coupling  coefficient  and  the  crystal  behavior  as  a  self-pumped  phase 
conjugator  (22). 
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We  report  the  use  of  Ce-doped  Sr,  Ba, .  ,  Nb-O,,,  x  —  0.60  and  0.75,  as  the  holographic  four- 
wave  mixing  medium  in  the  construction  of  a  self-starting  passive  phase  conjugate  mirror  using 
internal  reflection.  Without  correcting  for  Fresnel  reflections,  a  steady-state  phase  conjugate 
reflecti\  ity  of  25^r  was  measured  with  Sr,,  „  Bao  25  Nb-Ot:Ce.  The  distortion  correcting 
property  of  such  a  mirror  was  demonstrated  using  an  imaging  experiment. 


Two-beam  coupling  in  photorefractive  crystals  has  been  them  to  cool  to  room  temperature  with  an  applied  dc  electric 

used  to  demonstrate  passive  phase  conjugate  mirrors  field  of  5-8  kV/cm. 

(PPCM's)  which  do  not  require  external  pump  beams. A  Single  crystals  of  cerium-doped  SBN:60  and  SBN’:75 

more  recent  version  of  such  a  device'*"'’ introduces  an  impor-  were  grown  along  the  (001 J  direction  by  the  Czochralski 

tant  simplification  by  using  total  internal  reflection  in  the  technique.  The  resulting  samples  are  high  optical  quality, 

photorefractive  crystal  instead  of  external  mirrors.  Such  a  striation-free  cubes  0.5  cm  on  a  side.  Cerium  doping  was 

mirror,  however,  requires  a  higher  coupling  threshold  than  chosen  since  it  dramatically  enhances  the  photorefractive 

that  of  'he  earlier  devices.  In  this  letter  we  report  on  the  properties  of  SBN.*"’”  In  fact,  the  resultant  crvstals  have 

construction  of  this  phase  conjugate  mirror  using  cerium-  been  shown  to  be  just  as  photorefractive  as  BaTiO,.“ 

doped  strontium  barium  niobate  photorefractive  crystals  as  The  experimental  setup  for  studying  phase  conjugation 

the  holographic  four-wave  mixing  media.  with  SBN  is  shown  in  Fig.  1.  Initially  the  lenses  and  trans- 

Strontium  barium  niobate  ( SBN )  belongs  to  a  class  of  parency  were  removed  so  that  the  response  of  the  phase  con- 

tuncsten  bronze  ferroelectrics  that  are  pulled  from  a  solid  jugate  mirror  could  be  studied  with  a  simple  Gaussian  beam, 
solution  of  alkaline  earth  niobates  The  crystal  is  transparent  The  reflectivity  of  two  mirrors,  one  with  Ce-doped  SBN -.60 

and  can  be  grown  with  a  variety  of  ferroelectric  and  electro-  and  the  other  with  Ce-doped  SBN;75,  is  given  in  Fig.  2  as  a 

optic  properties  depending  on  the  specific  cation  ratios  intro-  function  of  time.  Not  only  does  the  data  of  Fig.  2  show  that 
duced  into  the  structure  In  SBN  the  unit  cell  contains  ten  phase  onjugation  using  internal  reflection  is  possible  with 
NbO^  ociahedra  w  ith  only  five  alkaline  earth  cations  to  fill  SBN,  but  also  that  the  steady-state  phase  conjugate  reflectiv- 

ten  interstitial  sites.’  The  structure  is  thus  incompletely  ity  measured  with  Ce-doped  SBN:75  is  comparable  to  the 

filled,  which  permits  the  addition  of  a  wide  range  of  dopants  30%  reflectivity  obtained  with  BaTiO,.^  A  photograph  of 

into  the  host  crystal.  The  general  formula  for  SBN  is  the  SBN;75  phase  conjugate  mirror  in  operation  is  shown  in 

Sr,  Ba,  _ ,  Nb-Oft,  so  SBN:60  and  SBN:75  represent  Fig.  3. 

Sro  to  BAi  40  Nb-Ot  and  Sr„  7.  Bao  25  Nb-Of  respectively.  The  imaging  characteristics  of  the  SBN  phase  conjuga- 

The  point  group  symmetry  of  SBN  is  4  mm,  which  im-  tor  were  also  determined  with  the  arrangement  shown  in 

plies  that  its  electro-optic  tensor  is  nonzero  The  dominant  Fig.  1,  but  now  with  the  transparency  and  lenses  in  place, 

electro-optic  coefficient  is  Zjj,  which  at  room  temperature  The  transparency,  an  Air  Force  resolution  chart,  was  illumi- 

ranges  from  KX)  pm/V  in  SBN;25  to  1400  pm/V  in  SBN:75  nated  by  the  argon  ion  laser  and  focused  onto  the  crysul  by 
In  order  to  realize  the  large  values  of  electro-optic  coeffi-  the  lenses.  The  phase  conjugate  reflection  was  picked  off  by 

cients  in  SBN  crystals,  they  must,  in  practice,  be  poled  by  the  beamsplitter  and  projected  onto  the  screen.  Figures  4(a) 

first  heating  them  above  their  Curie  points  and  then  allowing  and  4(b)  show  the  resolution  chart  and  the  phase  conjugate 
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F[G.  2.  Phase  conjugate  reflectivities  of  the  SBN  phase  conjugators  as  a 
function  of  tune.  Pump  beam  power  density  was  approximately  1.5  W/cm^. 


image  of  the  chart.  Next,  a  phase  distortion  was  placed 
between  the  transparency  and  the  crystal,  which,  as  shown 
in  Fig.  4(c),  rendered  the  chart  indiscernible,  and  the  phase 
conjugate  image  was  once  again  viewed  as  it  was  projected 
onto  the  screen.  Since  the  phase  conjugate  wave  front  at  the 
crystal  surface  is  that  of  the  resolution  chart  after  passing 
through  the  distortion,  but  with  time  reversal,  the  beam 
emerging  from  the  distortion  is  the  original  undistorted  im¬ 
age  of  the  chart.  This  distortion  correcting  property  of  the 
SBN  phase  conjugator  is  shown  in  Fig.  4(d). 

In  summary,  we  have  shown  that  the  self-starting  pas¬ 
sive  phase  conjugate  mirror  using  internal  reflection  can  be 


FIG.  3.  Photograph  of  the  SBN;75  phase  conjugate  mirror  in  operation. 

constructed  with  cerium-doped  strontium  barium  niobate. 
Phase  conjugate  reflectivities  of  25  and  12%,  not  corrected 
for  Fresnel  reflections,  were  measured  with  Ce-doped 
SBN:75  and  SBN;60,  respectively.  The  imaging  and  distor¬ 
tion  correcting  properties  of  the  SBN  phase  conjugator  w  ere 
also  demonstrated. 

This  research  was  supponed  by  Rockwell  International 
Corporation,  the  U.  S.  Air  Force  Office  of  Scientific  Re¬ 
search,  and  the  U.  S.  Army  Research  Office. 


lb)  |d| 

FIG  4  (a)  Air  Force  resolution  chart  (b)  Phase  conjugate  image  of  the  resolution  chart,  (c)  Image  of  the  resolution  chart  with  distortion  (d)  Phase 
conjugate  image  of  the  resolution  chart  with  distortion 
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Abstract.  We  present  the  results  of  our  theoretical  and  experimental  studies  of 
the  photorefractive  effect  in  single-crystal  SBN  60.  SBN  Ce,  and  SBN  Fe  The 
two- beam  coupling  coefficients,  response  times,  and  absorption  coefficients  of 
these  materials  are  given. 

S  ub/ect  terms,  photorefractive  materials,  nonlinear  optical  materials,  optical  phase  con- 
lugation  image  processing,  optical  signal  processing. 
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1.  INTRODI  CTION 

A  gisen  photorefractise  material  is  considered  useful  for  opti¬ 
cal  processing  applications  such  as  phase  conjugate  optics  if  it 
possesses  three  important  features:  low  response  time,  large 
coupling  coefficient,  and  high  optical  quality.  Speed  is  neces¬ 
sary  if  the  cry  stal  is  to  be  used  in  real-time  applications,  and  a 
large  photorefractive  coupling  coefficient  is  required  for  the 
construction  of  efficient  devices.  Regardless  of  its  speed  and 
gain,  however,  a  crystal  with  poor  optical  quality  is  of  little 
practical  importance  Although  a  material  is  yet  to  be  found 
that  completely  satisfies  all  three  requirements,  here  we  show 
how  well  SBN;60  approximates  them. 

2.  MATERIAL  PROPERTIES 

Strontium  barium  niobate  (SBN)  belongs  to  a  class  of 
tungsten  bronze  ferroelectrics  that  are  pulled  from  a  solid 
solution  of  alkaline  earth  niobates.  The  crystal  is  transparent 
and  can  be  growin  with  a  variety  of  ferroelectric  and  electro- 
optic  properties,  depending  on  the  specific  cation  ratios  intro¬ 
duced  into  the  structure.  In  SBN  the  unit  cell  contains  10 
NbOj  octahedra,  with  only  five  alkaline  earth  cations  to  fill  10 
interstitial  sites. The  structure  is  thus  incompletely  filled, 
which  permits  the  addition  of  a  wide  range  of  dopants  into  the 
host  crystal.  The  general  formula  for  SBN  is  Sr^Bai.jNbjO^, 
so  SBN:60  represents  Sr^  jBafl4Nb20(,. 


Piper2l  82  received  Aug.  13, 1983;  revised  manuscript  received  July  16, 1986; 
accepted  for  publication  July  18, 1986;  received  by  Managing  Editor  July  29, 
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SPIE  conference  on  Advances  in  Materials  for  Active  Optics,  Aug.  22-23, 
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*  IV86  Society  of  Photo-Optical  Instrumenution  Engineers. 

1212/  OPTICAL  ENGINEERING  /  Novembar  1 986  /  Vol  25  No  1 1 


The  point  group  symmetry  of  SBN  is  4  mm.  which  implies 
that  Its  electro-optic  tensor  is  nonzero.  The  dominant  electro- 
optic  coefficient  is  tjj,  which  ranges  from  100  pm  V  in 
SBN:25  to  1400  pm,  V  in  SBN:75.  In  order  to  realize  the  large 
values  of  electro-optic  coefficients  in  SBN  crystals,  they  must, 
in  practice,  be  poled  by  first  being  heated  to  above  their  Curie 
points  and  then  being  cooled  to  room  temperature  with  an 
applied  dc  electric  field  of  5  to  8  kV  cm. 

3.  PHOTOREFRACTIVE  PROPERTIES 

Single  crystals  of  SBN;60.  SBN;Ce  ( Stp  (,Bao4Nb;0(,:Ce),  and 
SBN:Fe  (Sro^Bap4Nb20(,.Fe)  grown  at  Rockwell  Interna¬ 
tional  Corporation  were  studied  using  the  two-wave  mixing 
experiment  shown  in  Fig.  I  todcterminetheireffectivenessas 
photorefractive  media.  In  Fig.  1  beams  1  and  2  are  plane 
waves  that  intersect  in  the  crystal  and  thus  form  an  intensity 
interference  pattern.  Charge  is  excited  by  this  periodic  inten¬ 
sity  distribution  into  the  conduction  band,  where  it  migrates 
under  the  influence  of  diffusion  and  drift  in  the  internal  elec¬ 
tric  field  and  then  preferentially  recombines  with  traps  in 
regions  of  low  irradiance.  A  periodic  space  charge  is  thus 
created  that  modulates  the  refractive  index  by  means  of  the 
electro-optic  effect.  This  index  grating,  being  out  of  phase 
with  the  intensity  distribution,  introduces  an  asymmetry  that 
allows  one  beam  to  be  amplified  by  constructive  interference 
with  light  scattered  by  the  grating  while  the  other  beam  is 
attenuated  by  destructive  interference  with  diffracted  light. 
This  process  is  shown  graphically  in  Fig.  2.  Although  it  is 
implicitly  assumed  here  that  the  only  photocarriers  in  SBN:60 
are  electrons,  it  is  acknowledged  that  holes  may  also  partici¬ 
pate  in  the  photorefractive  effect.  Experiments  are  currently 
under  way  to  resolve  this  issue. 

Mathematically,  this  two-beam  coupling  may  be  described 
in  the  steady  state  as  follows: 
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Fig  1 '  Exparimantal  Mtup  for  two-baam  coupling  axperimanU 


Fig.  3.  Absorption  apactrum  of  SBN:C«. 


Fig  2  Tha  pbotorafractiva  machsnisnr  Two  later  baamt  intarsact. 
forming  an  intarfaranca  pattern  Charge  it  excited  where  the  intan- 
tity  it  large  and  migrates  to  regions  of  low  intantity.  The  electric  field 
associated  with  the  resultant  space  charge  operates  through  the 
electro-optic  coefficients  to  produce  a  refractive  index  grating 


uhere  I,  and  I,  are  the  iniensiue;.  of  beams  I  and  2  inside  the 
crystal,  respectisely.  I'  is  the  two-beam  coupling  coefficient,  o 
IS  the  absorption  coefficient,  and  ^  ^  cosS,,  where  0  <  f  S 

f  d  cose,  The  transient  behasior  is  approximated  by 

I  (f,ii  =  (I  -  e"'  ')!  (^,1  —  *  )  *  e  T  i^i  =0). 


Fig  4.  Absorption  spectrum  of  SBN:Fe 
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Fig  6.  Absorption  spectrum  of  SBN:60 
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where  r  is  a  characteristic  time  constant  and 
Mfit  -  «)-  l,(f) 

The  solutions  of  the  above  coupled-wave  equations  are 


(4) 


!,(/)  = 


(1,(0)  -F  lj(0)]e- 


I  -F 


lj(0) 


(5) 


lj(/)  = 


(1,(0)  +  l,(0)Je'"' 

1,(0) 

j  +  -1—  f-r, 

1,(0} 


(6) 


By  measurement  of  the  four  intensities  1,(0),  1,(0).  and 
ijfO.  both  in  the  steady  state  and  as  a  function  of  time,  the 
two-beam  coupling  coefficient  Fand  the  response  time  rcan 


be  obtained  from  the  above  equations  It  is  important  to  note 
that  although  the  above  description  of  the  transient  behavior 
IS  not  strictly  correct,*  it  does  indeed  approximate  the  tem¬ 
poral  response  of  the  two-wave  mixing  process  in  SBN  very 
well  since  the  measured  waveforms  can  be  accurately  de¬ 
scribed  by  simple  exponentials. 

Maximum  coupling  will  result  in  crystals  with  large  F  but 
small  a.  However,  a  and  F  are  not  independent.  In  fact,  since 
charge  must  be  excited  into  a  conduction  band  by  the  intensity 
interference  pattern  in  order  to  start  the  photorefractive  pro¬ 
cess.  some  absorption  is  necessary.  This  is  precisely  w  here  the 
role  of  the  dopant  enters.  If  impurities  are  purposely  intro¬ 
duced  into  the  crystal,  donor  sites  are  created  that  become  the 
absorption  centers.  It  must  be  noted,  however,  that  any 
absorption  that  does  not  contribute  to  the  photorefractive 
mechanism  is  undesirable. 

Figures  3  and  4  show  the  effect  of  cerium  and  iron  impuri¬ 
ties  on  the  absorption  spectrum  of  undoped  SBN.  which  is 
given  in  Fig.  S.  Several  interesting  observations  can  be  made. 
First,  the  band  edge  shifts  from  400  nm  in  SBN;60  to  430  nm 
in  SBN.Ce  and  500  nm  in  SBN.Fe.  Second,  although  the 
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SBN:60  was  not  intentionally  doped,  deep-kvel  impurities  are 
evidenced  by  perturbations  in  the  spectrum  near  550  nm. 
Finally  ,  the  effects  of  Ce  and  Fe  in  SBN;60  are  seen  to  be 
significantly  different.  While  the  spectrum  of  SBNiCe  is 
rather  featureless,  with  a  broad  deep  level  centered  at  480  nm, 
the  spectrum  of  SBN;Fc  displays  a  structured  but  broad 
absorption  extending  from  500  to  700  nm,  with  characteristic 
peaks  at  550  nm  and  590  nm.  Future  investigation  of  these 
lines  will  indicate  w  hether  or  not  they  contribute  to  the  pho- 
torefractive  effect. 

First  principle  calculations  using  the  band  transport  model- 
can  be  used  to  derive  expressions  for  F  and  t.  Solutions  to  the 
photorefractive  equations  developed  most  fully  by  Kukhta- 
rev"”''  show  that  F  and  t  can  be  represented  functionally  as 

r  =  Fld^.  E„.  A.  r,  r.  N\,.  S\,  t,  nl  .  (7) 

r  —  r(d^.  E^,.  A.  T.  I,,;  s.  7,,.  #i.  Nj,,  N^.  »)  ,  (8) 

where  the  experimentally  controlled  variables  are 
dj;  =  grating  period 

=  applied  field  (normal  to  grating  planes) 

A  =  wavelength  of  incident  light 

T  =  temperature 

ly  =  total  irradiance 

and  the  material  parameters  are 

r  =  effective  electro-optic  coelTicient 
s  =  photoioniration  cross  section 
>.  =  two-body  recombination  rate 
q  =  mobility 

Np  =  number  of  donors  under  dark  conditions 

=  number  of  traps  under  dark  conditions 
f  =  static  dielectric  constant 
n  =  background  refractive  index  . 

These  equations  were  applied  to  cerium-doped  SBN.  Specifi¬ 
cally,  the  sample  contained  10'*'  to  10''*  cm'  ’  cerium  atoms, 
which  resulted  in  an  as-grown  crystal  with  F  =  II  cm"', 
r  =  0. 10  s,  and  a  =  1 .8  cm"'  at  1^,  =  1  W  cm’.  T  =  298  K.. 
A  =  0.5145  *im.  =  0  V  cm.  and  d^  =  5  >im. 

Variations  in  F  and  r  about  this  "operating  point"  are 
shown  in  Figs.  6  through  13.  along  with  the  experimentally 
obtained  values  of  the  two-beam  coupling  coefficient  and 
response  times  for  SBN  60  and  SBN  Ce.  Data  for  SBN;  Fe  are 
not  shown  since  striations  in  the  cry  stal  so  affected  the  optical 
quality  of  the  crystal  that  no  reliable  experimental  values 
could  be  measured.  Although  the  SBN:60  and  SBNiCe  sam¬ 
ples  were  striation  free  and  displayed  good  optical  quality,  to 
date  ail  of  the  SBN  Fe  crystals,  regardless  of  their  Fe  concen¬ 
tration,  have  been  severely  marked  with  striations.  We  believe 
that  better  control  of  the  melt  temperature  will  eliminate  this 
problem. 

With  no  applied  field.  Fig.  7  indicates  that  F  should  be 
greater  than  I  cm~'  for  all  practical  values  of  d^.  while  the 
application  of  an  electric  field  of  2  kV/cm  ought  to  increase 
the  coupling  coefficient  to  35  cm”’ at  d|  =  5  pm,  as  shown  in 
Fig.  8.  Such  a  large  response  would  then  make  even  very  thin 
samples  of  SBNiCe  useful  photorefractive  media.  However, 
in  practice,  these  large  values  of  F  are  not  easily  obtainable. 
As  an  electric  field  is  applied  to  the  crystal,  induced  stresses 
deform  the  material  and  the  incident  beams  are  distorted. 
Therefore,  we  conclude  that  the  application  of  an  electric  field 
to  the  crystal  to  control  its  two-beam  coupling  coefficient  is  of 


limited  use. 

Another  way  F  can  be  modified  was  suggested  in  Ref.  9.  By 
varying  the  trap  density  with  reduction  and  oxidation 
treatments,  one  should  be  able  to  control  F,  as  shown  in  Fig.  9. 
Although  the  exact  number  density  of  traps  is  difficult  to 
measure,  we  have  indeed  been  able  to  change  the  two-beam 
coupling  coefficient  from  less  than  0.1  cm”'  to  15  cm”'  by 
heating  the  crystal  in  atmospheres  with  different  oxygen  par¬ 
tial  pressures. 

The  predicted  variation  of  response  time  with  trap  density, 
which  is  shown  in  Fig.  10,  has  yet  to  be  observed  in  SBN:Ce. 
Although  F  decreases  as  expiected  when  the  crystal  is  heated  in 
a  reducing  atmosphere,  the  time  constant  remains  unchanged 
at  a  typical  value  of  100  ms  at  1  W,  cm^  irradiance.  This 
unexpected  and  currently  unexplained  result  has  complicated 
our  effort  to  produce  a  cerium-doped  SBN  photorefractive 
crystal  with  I  ms  response  time,  since  heat  treatment  was 
proposed  as  a  method  of  achieving  this  goal.’  Therefore,  other 
techniques  may  need  to  be  invoked  to  obtain  the  desired  speed 
of  response. 

Figures  11.  12.  and  13  show  how  the  response  time  r  is 
affected  by  changes  in  the  mobility  ju.  the  two-body  recombi¬ 
nation  rale  and  the  photoionization  cross  section  s, 
respectively.  Since  p  is  predominantly  an  intrinsic  quantity  of 
the  host  crystal,  little  can  be  done  to  increase  its  value.  How¬ 
ever.  s  and  are  extrinsic  parameters  that  can  be  varied  by 
the  selection  of  different  dopants.  If  the  dopant  chosen  has 
either  a  larger  photoionizaiion  cross  section  or  a  smaller 
two-body  recombination  rate  coelficient  than  is  presently 
obtained  with  cerium,  the  resulting  doped  sample  of  SBN 
should  have  a  shorter  response  time.  The  selection  of  such  a 
dopant,  unfortunately,  is  a  nontrivial  task. 

Table  I  shows  the  results  of  an  elemental  analysis  by 
nuclear  activation  of  undoped  and  cerium-doped  SBN.  Since 
undoped  SBN  is  photorefractive  while  containing  only  trace 
quantities  of  cerium,  we  must  conclude  that  cerium  is  not  the 
only  photorefractive  species  for  SBN.  In  fact.  Table  I  indi¬ 
cates  that  there  are  significant  amounts  of  Fe.  Ni,  Mo,  and  Ta 
impurities  in  the  undoped  SBN  crystal,  and  Fe  and  Ni.  for 
example,  are  known  to  be  effective  photorefractive  centers  in 
LiNbO,.'”  Although  iron  has  already  been  used  as  a  dopant 
for  SBN.  the  resulting  crystals  were  optically  imperfect. 
Therefore,  we  suggest  that  not  only  should  the  study  of  iron- 
and  cerium-doped  SBN  continue,  but  crystals  doped  with 
other  impurities,  which  may  prove  to  have  better  values  of 
and  s.  should  also  be  investigated. 

4.  SUMMARY  OF  RESULTS 

A  major  goal  of  our  work  has  been  the  growth  of  high  optical 
quality  photorefractive  SBN  crystals.  This  was  accomplished 
in  part  by  growing  striation-free  SBN:60  and  SBN:Ce.  In  fact, 
optically  excellent  crystals  of  SBN;60  and  SBN.Cecan  now  be 
had  as  cubes  approaching  I  cm  on  a  side.  SBN:Fe.  unfortu¬ 
nately,  has  yet  to  be  grown  without  striations.  As  was  indi¬ 
cated  earlier,  better  control  of  the  melt  temperature  may  be 
necessary  to  eliminate  this  problem. 

Large  two-beam  coupling  was  observed  in  both  SBN;60 
and  SBNiCe.  Values  of  F  ranged  from  2  cm”'  in  SBN;60  to 
greater  than  10  cm”'  in  SBN:Ce.  Such  response  was  large 
enough  to  permit  the  use  of  these  crystals  in  the  construction 
of  the  ring  "  and  semilinear  passive  phase  conjugate  mirrors, 
for  example.  It  was  also  found  that  oxidation  and  reduction 
techniques  served  as  effective  methods  for  varying  the  value  of 
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Fig.  6  Retponte  time  versus  grating  pariod  Fig.  7.  Coupling  coefficient  versus  grating  Fig.  8.  Coupling  coefficient  versus  grating 

atio  =  1  W/cm^torEo  =  OV/cm  period  for  E<,  =  0  V/cm.  period  for  Eq  =  2  kV/cm. 


Fig  9  Coupling  coefficient  versus  trap  den¬ 
sity  for  Ec  =  0  V  cm  and  d,  =  5  (jm 


N*(cm'5) 


Fig  10  Response  time  versus  trap  density 
at  lo  =  1  W/cm^.  assuming  a  = 
0  1  cm2-V-''S-’.  tb  =  6X10-»  cm^/s, 
s  =  I  .exlO-’^cm^.No  =  10”  cm"*,  and 
d,  =  5  >im 


Fig  11.  Response  time  versus  mobility  at 
lo  =  1  W/cm*.  assuming  N*  =  10”  cm"*. 
■n  =  6X10-*  cm*  s.  s  =  1.6X10-”cm*, 
Nd  =  10”  cm"*,  and  d,  =  B  *im. 


Fig  12  Response  time  versus  two-body  recombination  rate  coeffi¬ 
cient  at  lo  =1  W/cm*.  assuming  N*  =  10”  cm"*,  a  =  0-1  cm*  • 
V"'  ‘S"’ .  s  =  1 .6X10"”  cm*.  No  =  10”  cm'*,  and  d,  =  6  pm. 


s(cm*) 


Fig.  13.  Response  time  versus  photoionization  cross  section  at  lo  = 
1  W/cm*,  assuming  N*  =  10”  cm"*,  p  =  0.1  cm*-V"’'S~’, 
Tt,  =  BX10"*  cm*/s.  No  =  10”  cm"*,  and  d,  =  6  pm 


r  in  these  crystals  However,  the  application  of  an  external 
electric  field  to  the  crystals  tended  to  degrade  their  optical 
quality  rather  than  improve  the  value  of  their  coupling 
coefficients. 

The  response  times  of  the  SBN  crystals  we  tested  averaged 
about  100  ms  for  an  incident  irradiance  of  I  W  cm*.  In 
general,  SBN:Ce  responded  quicker  than  SBN;60,  with  times 
approaching  50  ms  at  I  V,  cm*  Since  the  two-beam  coupling 
coefficient  of  SBN:Ce  is  so  large,  the  time  required  to  reach  a 
given  diffraction  efficiency  with  SBN  Ce  will  be  much  shorter 
than  that  needed  with  SBN:60.  Although  the  response  lime  of 
SBN:Fe  has  yet  to  be  reliably  determined,  we  believe  that  its 
speed  will  not  differ  significantly  from  that  of  the  other  two 
crystals. 


5.  CONCLUSIONS 

High  optical  quality  undoped  and  doped  single-crystal  SBN:60 
has  been  grown  and  proved  to  be  photorefractive.  This  effect 
was  quantified  by  measuring  the  coupling  coefficients  and 
response  times  of  several  samples  using  the  method  of  two- 
wave  mixing.  The  results  of  this  work  indicate  that  the  intro¬ 
duction  of  dopants  into  SBN:60  produces  crystals  with  an 
even  greater  photorefractive  effect  than  that  of  undoped 
SBN:60. 
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TABLE  1 

Elemental  analysis  by  weight  of  SBN:60  and  SBN:Ca. 

Eleaents 

i  Units 

SBNteo 

SBN:Ce 

U 

PPM 

<  0.1 

<  0.1 

TH 

PPM 

<  0.3 

<  0.2 

NA 

PPM 

30.0 

<30.0 

SC 

PPM 

0.04 

0.04 

CR 

PPM 

<  5.0 

<  5.0 

FE 

t 

0.  '29 

0.014 

CO 

PPM 

0.3 

0.3 

NI 

PPM 

50.0 

50.0 

ZN 

PPM 

7 . 0 

5.0 

AS 

PPM 

<  1.0 

<  1.0 

SE 

PPM 

<  5.0 

<  5.0 

BR 

PPM 

1  0.5 

<  0.5 

MO 

PPM 

11.0 

4.0 

SB 

PPM 

0.5 

0.5 

CS 

PPM 

<  0.2 

<  0.2 

BA 

PPM 

160000.0 

150000.0 

LA 

PPM 

0 . 2 

1.0 

HF 

PPM 

<  0.2 

<  0.2 

TA 

PPM 

12 . 0 

13.0 

w 

PPM 

<  3.0 

1.0 

AU 

PPB 

<  5.0 

5.0 

CE 

PPM 

<  1.0 

47.0 

ND 

PPM 

Interfer 

Interfer 

SM 

PPM 

0.01 

0.32 

EU 

PPM 

0.07 

0.10 

TB 

PPM 

<0.1 

<  0.1 

VB 

PPM 

<  0.05 

0.05 

LU 

PPM 

<  0.01 

<  0.01 

SR 

PPM 

148000.0 

135000.0 

RB 

PPM 

<  5.0 

<  5.0 
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We  have  grown  and  optically  characterized  strontium-barium  niobate  crystals,  including  both 
undoped  and  cerium-doped  crystals  having  two  different  Sr/Ba  ratios  (61/39  and  75/25).  By 
measuring  the  coupling  of  two  optical  beams  in  the  crystals,  we  have  determined  the  following 
photorefractive  properties:  the  effective  density,  sign,  and  spectral  response  of  the  dominant 
charge  carrier,  the  grating  formation  rate,  dark  conductivity,  and  carrier  diffusion  length.  W’e 
find  that  electrons  are  the  dominant  photorefractive  charge  carriers  in  all  of  our  samples;  the 
typical  density  of  photorefractive  charges  is  ~  1  X  10*'’  cm~  ’  in  the  undoped  samples.  The 
grating  formation  rate  increases  with  intensity,  with  a  slope  of  ~0.3  cm'/(W  s)  over  an 
intensity  range  of  ~  1-15  W/cm'  in  undoped  samples.  Cerium  doping  improves  both  the 
charge  density  ( increased  by  a  factor  of  —  3 )  and  the  response  rate  per  unit  intensity  (  —  5 
times  faster). 


I.  INTRODUCTION 

Photorefractive  crystals'  have  been  used  to  demonstrate 
a  wide  range  of  nonlinear  optical  applications.'  including 
phase  conjugation.'"'  image  amplification.''^''  information 
processing.''"''  optical  computing. optical  resona¬ 
tors.'''"'"  inertial  navigation  devices.""”’"  associative 
memories."'  •'  etc.  Most  of  the  above  demonstrations  were 
performed  using  barium  titanate  (BaTiO-,),  because  it  has 
the  largest  optica!  nonlinearity  of  any  commercially  avail¬ 
able"'’  photorefractive  material,  and  also  because  its  photore¬ 
fractive  properties  have  been  well  characterized."  "'" 

Both  nominally  undoped  strontium-barium  niobate 
(Sr,  Ba  Nb;0^  or  SBN)""'  and  cerium-doped 
SBN"'' '  ■  are  photorefractive  (efficient  internal  self- 

pumped  phase  conjugation'"  has  been  recently  observed  in 
SBN"" ),  but  these  crystals  have  not  been  as  extensively  char¬ 
acterized.  The  purpose  of  this  work  is  to  measure  the  optical 
absorption  and  some  important  photorefractive  properties 
of  these  crystals,  including  their  gain,  wavelength  sensitivity, 
charge  density,  and  response  time  We  also  discuss  the  de¬ 
pendence  of  these  properties  on  crystal  doping  and  on  the 
Sr/Ba  ratio. 

II.  OPTICAL  QUALITY  SBN 

Sr,  Ba,  ,  Nb-Oft,  x  =  0.61,  (or  SBN:61 )  is  relatively 
easy  to  grow  compared  to  other  photorefractive  ferroelectric 
oxides,  because  it  mixes  congruently  at  T' 1510°C.'*"  A 
typical  Ce-doped  SBN:61  crystal  grown  along  the  c  axis  is 
shown  in  Fig.  1(a).  These  crystals  exhibit  24  well-defined 
natural  facets,  as  illustrated  in  Fig.  1(b). 

Single-crystalline  boules  with  diameter  of  ~  2-3  cm 
were  grown  by  the  Czochralski  method  at  a  rate  of  ~  8-10 
mm/h.’'’  From  these  boules,  individual  samples  were  cut 
and  optically  polished  with  rectangular  faces  ~  2-7  mm  on  a 
side.  The  samples  were  electrically  poled  into  a  single  ferroe¬ 
lectric  domain  by  heating  the  samples  to  ~  10-15  °C  above 
the  Curie  temperature  Tc ,  applying  an  electric  field  of  —  8- 


10  kV/cm  along  the  c  axis  of  the  sample,  and  slowly  cooling 
the  sample  back  to  room  temperature  (at  a  rate  of  ~  T/min 
until  ~  20  °C  below  T^- )  before  removing  the  electric  field. 

The  optical  quality  of  SBN  crystals  depends  on  the  puri¬ 
ty  of  the  starting  materials  and  on  controlling  the  growth 
temperature  to  ±  0.10  "C  while  near  the  solid-liquid  inter¬ 
face.  In  doped  SBN,  the  optical  quality  is  also  influenced  by 
the  type  of  dopant,  its  location  in  the  crystal  structure,  and 
the  oxidizing  or  reducing  atmosphere  surrounding  the  melt. 
In  our  cerium-doped  SBN  samples.  0  1  wt.  95-  of  CeO;  was 
added  to  the  starting  materials,  and  the  crystals  were  grown 
in  air  (i.e..  an  oxidizing  atmosphere). 

III.  COMPARISON  OF  SBN  AND  BaTiO, 

Table  I  compares  some  of  the  properties  of 
Sr,  Ba,  _  ,  Nb20<,and  the  more  familiar  photorefractive  ma¬ 
terial  BaTiO,.  Both  materials  are  ferroelectric  oxides  with 
tetragonal  symmetry  (point  group  4mm)  at  room  tempera¬ 
ture.  They  also  have  similar  refractive  indices  and  birefrin¬ 
gence.  However,  there  are  important  differences  between 
these  two  materials. 

First,  BaTiO,  has  a  fixed  composition,  so  that  the  tem¬ 
perature  of  its  cubic-to-tetragonal  phase  transition  is  fixed'  ’ 
at  Tj-  =:  128  "C.  For  Sr,  Ba,  _  ,  Nb-O^.  theSr-Ba  ratio  is  vari¬ 
able  between  0.2<x<0.8,  and  the  temperature  of  the  cubic- 
to-tetragonal  phase  transition  changes  approximately  lin¬ 
early  in  X  (e  g.,  Tc  increases  from  57  ”C  at  x  =  0.75  to 
Tc  =:247  'C  at  X  =  0.25").  By  choosing  the  Sr-Ba  ratio  so 
that  the  phase  transition  is  slightly  above  room  temperature, 
the  SBN  crystal  lattice  is  highly  polarizable  in  the  z  direc¬ 
tion,  causing  the  room-temperature  dielectric  constant  t , 
and  the  Pockels  coefficients  r, ,  and  r, ,  to  become  quite  large. 

A  second  difference  between  the  two  crystals  is  the  pres¬ 
ence  of  a  tetragonal-to-orthorhombic  phase  transition  in 
BaTiO,  at  about  10  °C,  which,  at  room  temperature,  causes  a 
softening  of  a  lattice  vibrational  mode  in  directions  perpen¬ 
dicular  to  z  and  produces  a  marked  anisotropy  in  the  dielec- 
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no  1  Sr  ,  Ba  .  NhO,  crs  ^Ial^  i  a )  boule  of  cerium-doped  SBS  grown 
at  Rockwell  Science  Center,  :  hi  crcstallographic  I'nentations  of  a  few  of 
the  H-l  natural  faceic  I'n  a  houle  of  SBN 


trie  constants  of  BaTiO,  ( f  ,/e ,  =  0.04  in  BaTiO,  compared 
:■>  f./e,  =  2  in  SBN:61 ).  This  phase  transition  is  not  ob¬ 
served  in  SBN  for  temperatures  as  low  as  —  150  °C,  and  so 
the  electro-optic  properties  of  SBN  are  less  anisotropic. 

Third,  as  a  consequence  of  proximity  of  the  different 
phase  transitions  to  room  temperature  for  the  two  crystals, 
the  largest  Pockels  coefficient  in  SBN  is  r,,  whereas  the  larg¬ 
est  Pockels  coefficient  in  BaTiO,  is  r.,,.  This  distinction  is 
important  in  photorefractive  applications,  because  these  co¬ 
efficients  dictate  the  optimal  light  polarizations  and  optimal 
orientation  of  the  photorefractive  grating. 

The  crystal  structures  of  the  two  materials  also  differ. 
SBN  has  an  open  tungsten-bronze  structure  with  vacant  lat¬ 
tice  sites,  as  shown  in  Fig.  2.  The  vacant  C  lattice  sites  can  be 
intentionally  filled  by  doping  the  crystal  with  impurity 
atoms.  In  contrast,  BaTiO,  has  a  completely  filled  crystal 
structure,  so  that  doping  requires  substitution.  (Of  course, 
doping  by  substitution  can  also  occur  in  SBN. ) 


Table  l  Comparison  of  maienals  properties  for  phoiorefractive 
,  Nb  O^  and  BaTiO, 


r,  I'C) 

BjTiO. 

128' 

SB\(x  =  0.61) 
75“ 

SBN(x  =  0  75) 

56* 

Index 
(5145  A) 

n  =  2.4.V 

A/i  =  -  0,07- 

n  =  l  33’ 

Sn  =  -  0  03  ‘ 

n  =  2.35’ 
a-,  ^  -  0  02" 

Dielectnc 

constant 

f ,  =  3600" 
f, =  135" 

f,  =  470“ 

f.  =  880' 

€ ,  =  3400' 

Eleciro-oplic 
coefficient 
(pm/V ) 

r,,=  19  5' 

/■,,  =  97' 
r.,  =  1640" 

II  II 

-J 

.  =  67" 
r..  =  1340" 
r,,  =  42* 

'Reference  44.  p.  452. 

^  Reference  36 . 

'  Reference  44.  p  50*5. 

'*£  L.  Vemunm,  E,  O.  Spencer.  P  V  Lenzo.  and  A  A  Bailman,  J  AppI 
Phys  39.  343  n%8) 

*S  Ducharme.  J.  Femberg.  and  R.  R.  Neurgaonkar.  lo  be  published  in 
IEEE  J.  Quantum  Electron 


Finally,  the  optical  absorption  spectra  of  BaTiO,  and 
the  various  SBN  crystals  studied  here  are  qualitatively  dif¬ 
ferent.  The  spectral  absorption  curves  for  the  SBN  samples, 
shown  in  Fig.  3.  have  been  obtained  from  optical  transmis¬ 
sion  measurements  using  a  dual-beam  spectrophotometer 
(Perkin-Elmer  model  330).  Cerium-doped  crystals  of  SBN 
grown  with  Ce  in  the  1 2-fold  coordinated  site  ( samples  D.  E. 
and  G)  are  pink  in  color  and  they  exhibit  a  broadband  extrin¬ 
sic  absorption  over  the  range  from  ~0.6/im  to  the  interband 
transition  (i.e,  optical  band  gap)  near  0.4  ;im.  as  shown  in 
Fig.  3.  [  Note  that  sample  D  is  not  included  in  Fig.  3  because 
it  was  so  thin  (1.7  mm )  that  its  transmission  spectrum  was 
dominated  by  surface  losses. )  In  contrast,  w  hen  Ce  is  forced 
into  the  nine-fold  coordinated  site,  as  in  SBN:61  sample  F. 
the  color  is  greenish-yellow.  The  absorption  in  the  visible  for 
this  crystal  is  higher  and  it  extends  farther  into  the  near 
infrared,  similar  to  commercially  available’^'  crystals  of 
nominally  undoped  BaTiO,.  which  typically  have  absorp¬ 
tion  coefficients'"  of  --0.5-3. 0  cm ' '  over  this  spectral 
range.  In  comparison,  the  absorption  coefficients  of  the 
three  nominally  undoped  SBN;61  samples  .4.  B.  and  C  are 
substantially  lower  over  the  same  spectral  range  (see  Fig.  3 ). 

IV.  TWO-WAVE  MIXING  IN  SBN:  THEORY 

The  photorefractive  properties  of  SBN  can  be  measured 
using  two-wave  mixing.'  As  illustrated  in  Fig.  4.  if  two  co¬ 
herent  light  beams  intersect  in  a  photorefractive  crystal, 
beam  coupling  occurs,  causing  one  beam  to  gain  intensity  at 
the  expense  of  the  other  beam.  Let  a  “pump"  beam  and  a 
“probe”  beam  of  the  same  frequency  enter  the  same  face  of 
the  crystal  with  external  angles  ±0  Xo  the  face  normal. 
These  two  beams  produce  a  sinusoidal  interference  pattern 
of  intensity  with  a  fringe  separation  Ag  given  by 

Ag  =  2n/K  =  /t  /2  sin  ( 1 ) 

where  A  is  the  wavelength  of  the  light  in  air  and  K  is  the 
magnitude  of  the  grating  wave  vector.  The  interference  pat¬ 
tern  causes  migration  of  charge  inside  the  crystal.  The  result¬ 
ing  space-charge  field  produces  a  photorefractive  index  grat- 
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F/G  3  Spectral  dependence  of  the  absorption  coefficient  a  in  nominally 
undoped  SBN  6I  (samples -4-C),  cerium-doped  SBN  bI  (samples  E  and 
F).  and  cerium-doped  SBN  75  (sample  G)  Note  the  extnnsic  broadband 
absorption  in  the  cenum-doped  SBN  samples,  extending  from  near  the  in- 
lerband  transition  throughout  most  of  the  visible  spectrum  These  spectra 
were  nearly  independent  of  the  light  polarization,  with  the  exception  of 
sample  F  for  w  hich  two  absorption  curves  are  shown  ( F,  for  extraordinary 
and  F,  for  ordinan  )  In  samples  A,  B.  C.  E.  and  G.  the  band  edge  of  each 
ordinary  absorption  spectrum  was  shifted  (  —  5-10  nmi  toward  shorter 
wavelength,  compared  to  the  extraordinary  absorption  spectra  shown 


FIG  4  Experimental  setup  for  measuring  the  two-wave  mixing  gain  cotffi 
cient  in  SBN  for  various  external  crossuig  angles  2Bof  the  optical  beams 
The  most  efficient  beam  coupling  occurs  v.  hen  the  incident  beams  arc  polar¬ 
ized  extraordinary  and  the  photorefraciiv  e  space-charge  field  is  parallel  to 
the  crystal  c  axis  thereby  using  the  largest  electro-optic  coefficient  r,.  The 
neutral  density  filter  (NDF)  is  used  to  adjust  the  incident  pump/probc 
beam  intensity  ratio  to  minimize  the  effects  of  pump  depletion  and  beam 
fanning  during  two-beam  coupling  Shutters  S.  and  S.  permit  the  transmit¬ 
ted  intensities  to  be  measured  both  with  and  without  coupling  at  detectors 
/>!  and  /7. 


inp.  which  cpuples  the  two  beams  with  a  two-wave  mixing 
gain  coefficient  T  (i.e..  an  exponential  gain  per  unit  length) 
defined  by 

r  =  (1/I)yln(/;/://,/: (2) 

where  L  is  the  interaction  length.  I '  (I  is  the  transmitted 
"probe"  beam  intensity  with  (without)  coupling,  and  I- 
(/-)  is  the  transmitted  "pump"  beam  intensity  with  (with¬ 
out  )  coupling  By  using  the  transmitted  intensities  in  Eq 
(2).  the  absorption  and  Fresnel  reflection  losses  do  not  ap¬ 
pear  in  the  expression  for  F  in  Eq.  (2).  .Mso  noie  ihai  fo; 
negligible  pump  depletion  (i.e../i  zr/.- ).  the  two-wave  mix¬ 
ing  gain  coefficient  F  becomes  independent  of  the  pump 
beam  intensity. 

The  two-wave  mixing  gain  coefficient  F  is  related  to  the 
photorefractive  index  grating  amplitude  bn  (defined  as  one- 
half  the  peak-to-peak  value)  by  ‘ 

F  =  4^-  (5zi  sin  d/m/,  cos  ff ,  ( 3 ) 

where  0  is  the  half  angle  between  the  beams  inside  the  crys¬ 
tal  .  d  IS  the  phase  shift  between  the  optical  interference  pat¬ 
tern  and  the  photorefractive  index  grating,  and  m  is  the  mod¬ 
ulation  depth  of  the  incident  optical  interference  pattern 
[m  ~  2x./|/,/(/i  -b  /-)  ].  The  phase  shift  d  is  ~7r/2  when 
the  photorefractive  process  is  dominated  by  diffusion,  as  it  is 
in  SBN.'*'’  The  photorefractive  index  modulation  6n  is  given 
by 

dn  =  mr^„E^/2.  (4) 

is  the  space-charge  electric  field  and  n  is  the  effective 
refractive  index  (n  =  n^n^/yjnl  sin’  6,  +  n;  cos'  0,,  with 
zi,  and  being  the  extraordinary  and  ordinary  refractive 
indices,  respectively ) .  For  the  configuration  shown  in  Fig.  4, 
in  which  the  grating  wave  vector  is  aligned  along  the  c  axis  of 
the  crystal  and  the  optical  beams  are  both  extraordinary  rays 
(while  assuming  a  small  birefringence  An  =  n,  —  ),  the 

effective  electro-optic  coefficient  r^,,  is" 

r,„  =  r^tCOS-6,  —  r,,sin'0,  i-  ( A«/«,  )(r,,  -r  r,,)sin'  2ff,. 

(5) 

The  photorefractive  space-charge  field  £„  is  given  by"* 
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=maBT/e)[K/(.\  +  {K /K,,)-]C{K)cos  2d„ 

(6) 

where  16,  is  the  internal  full  crossing  angle  of  the  optical 
beams  and  kg  T /e  is  the  thermal  energy  per  charge.  The  fac¬ 
tor  t{K)  takes  into  account  competition  between  holes  and 
electrons.^^-** 

An  important  parameter  in  Eq.  (6)  is  the  inverse  Debye 
screening  length  K„, 

K  'o  =  T).  (7) 

which  depends  on  the  effective  density  of  photorefractive 
charge  A and  the  dc  dielectric  constant  eeg  along  the  direc¬ 
tion  of  the  grating  wave  vector  K. 

V.  TWO-WAVE  MIXING  IN  SBN:  EXPERIMENTS 

The  two-wave  mixing  gain  coefficient  T  was  measured 
in  a  number  of  undoped  and  Ce-doped  SBN  crystals  in  an 
attempt  to  determine  the  effective  density  of  photorefractive 
charge  A',,^  and  the  effective  Pockels  coefficient  r,.^.  As 
shown  in  Fig.  4,  the  single-longitudinal-mode  output  from  a 
cw  laser  (an  argon  ion  laser  or  a  ring  dye  laser  with  R6G 
dye)  was  separated  into  two  beams  which  intersect  in  the 
SBN  sample  at  an  external  angle  of  26. 

Because  r,,  is  the  largest  electro-optic  coefficient  in 
SBN.  the  two-wave  mixing  gam  coefficient  T  is  maximized 
by  choosing  extraordinary  polarization  and  aligning  the  c 
axis  of  the  crystal  parallel  to  the  A'  \  ector  of  the  photorefrac¬ 
tive  grating  ( i.e.,  the  bisector  of  the  tw  o  incident  light  beams 
is  aligned  perpendicular  to  the  c  axis).  Unfortunately,  this 
choice  of  light  polarization  and  crystal  orientation  increases 
the  amount  of  extraneous  light  scattered  into  the  direction  of 
the  transmitted  probe  beam  by  stimulated  scattering  and 
beam  fanning  of  the  pump  beam.  Nevertheless,  because  most 
photorefractive  applications  require  a  large  coupling 
strength,  we  chose  to  measure  T  using  the  above  geometry. 

The  transmitted  powers  of  both  the  weak  probe  beam 
and  the  strong  pump  beam  w  ere  measured  with  and  w  ithout 
coupling.  All  of  our  two-wave  mixing  experiments  were  per¬ 
formed  with  an  argon  ion  laser  at  514.5  nm  (except  for  the 
experiments  in  Sec.V  C).  and  with  both  beams  having  the 
same  l/e"  diameter  of  2.95  mm.  Using  equal-size  beams  was 
adv  antageous  because  any  pump  depletion  w  as  easily  detect¬ 
ed.  (If  the  pump-beam  diameter  was  much  larger  than  the 
probe  beam  diameter,  then  a  small  localized  area  of  the 
pump  beam  could  have  been  severely  depleted  by  the  probe 
beam  without  noticeably  affecting  the  pump  beam's  total 
power. )  The  beam  diameters  were  sufficiently  large  so  that 
the  interaction  length  L  of  the  two  beams  was  limited  by  the 
physical  length  of  the  sample  in  all  of  our  experiments  (ex¬ 
cept  for  one  data  point  at  26  =  60°  with  the  dye  laser,  for 
which  the  effective  interaction  length  was  computed  from 
the  beam  diameters).  The  pump/probe  intensity  ratio  was 
adjusted  in  the  range  of  lO'-lo'.  This  range  was  a  compro¬ 
mise  that  would  minimize  pump  depletion  yet  insure  that  the 
amplified  probe  was  much  more  intense  than  the  back¬ 
ground  scattered  light  from  beam  fanning  of  the  pump  beam. 

A.  Intensity  dependent  two-wave  mixing 

Figure  5  shows  the  dependence  of  the  steady-state  two- 
wave  mixing  gain  coefficient  r  on  total  optical  intensity  fora 


FIG-  5.  The  measured  rwo-wave  mixing  gam  TL  vs  incident  optica!  intensi¬ 
ty  of  the  pump  beam  in  nominally  undoped  SBN:61  sample  C  for  beam 
crossing  angles  2^=3-2'‘(0).  7.8'(A).  lO-CC^^),  12.6'(<)),  16  5"{V)' 
21.5''(B ).  34.7"(  A ).  42.5“  (0),  and  60. 0"  (•  t.  For  low-intensity  levels,  the 
two-beam  coupling  efficiency  is  decreased  from  its  high-intensity  value  due 
to  the  nonzero  dark  erasure  rate  of  the  cry  stal. 


number  of  different  beam  crossing  angles  in  nominally  un¬ 
doped  SBN  sample  C.  The  gain  coefficient  F  saturates  at 
large  optical  power,  and  is  reduced  at  small  optical  power  by 
the  finite  dark  conductivity  [o,,  =  0.7  y.  10  '  "  (fl  cm)  '] 
of  this  sample.  (This  dark  conductivity  was  obtained  from 
transient  two-wave  mixing  measurements,  described  be¬ 
low.  ) 

B.  Optimal  grating  spacing  for  two-wave  mixing  in  SBN 

Combining  Eqs.  (  1  )-(6).  the  gam  coefficient  F  can  be 
written  in  the  form 

F  =  (.4  sin  (^ /( 1  -  B  ■  sin'  6)  ]  (cos  In  /cos  n, ). 

(S) 

where  6  is  the  exwrnal  half  angle  and  B  the  internal  half 
angle  between  the  two  incident  laser  beams.  ( Ov  er  the  range 
of  external  crossing  angles  16  used  here  (0<  2B<60°).  the 
internal  crossing  angle  16,  was  always  less  than  25°,  and  the 
factor  (cos  26, /cos  6,  )  in  Eq  (8)  varied  by  less  than  7^ 
from  unity.)  In  Eq.  ( 8)  we  have  assumed  that  the  hole-elec¬ 
tron  competition  factor'*  C(  A)  is  constant  with  K  in  order 
to  simplify  the  data  analysis. 

Figure  6  shows  the  measured  two-wave  mixing  gain  co¬ 
efficient  F  as  a  function  of  crossing  angle  of  the  optical 
beams  [or  grating  spacing,  i.e..  see  Eq.  1 1 )  ]  in  various  Ce- 
doped  and  undoped  SBN  samples  at  a  /t  =  514.5  nm.  The 
gain  increases  linearly  with  6  for  small  crossing  angles, 
reaching  a  maximum  at  B  =  6^,^,,  and  then  decreases  for 
larger  crossing  angles,  as  predicted  by  Eq.  (8).  All  data 
points  were  taken  at  sufficiently  large  optical  intensity  such 
that  the  gain  was  independent  of  intensity.  The  solid  curves 
are  a  best  fit  to  Eq.  ( 8 ) ,  and  yield  val  ues  for  the  parameters  A 
and  B.  which  relate  to  the  photorefractive  properties  as  fol¬ 
lows. 

The  parameter  A  is  proportional  to  the  effective  Pockels 
coefficient  r^,, : 
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FIG  b  The  lv^o-wa\e  mixinc  CJin  coefficient  F  a*' a  I'unciion  of  full  eMernal 
crossing  angle  2''^  in  nominalh  undoped  SBNrbl  samples  A~C.  cerium- 
doped  SBN  Pi  sample''  D-l .  and  cerium-dopcd  SBN  '5  sample  G  The  sol¬ 
id  cur\  (“•  arc  •'“s'  tifs  r  ^  the  evpression  in  Eq  i  ^  •  Noic  ihat  cerium  doping 
enhances  the  photoreir.ictiu-  coupling  efficien^v 


^rn'k/r 

A  = 

IV. 


(^) 


and  IS  determined  b\  the  slope  of  the  plot  of  P  vs  20  near 
6  =  0.  The  parameter  B  is  related  to  the  effective  photore- 
fraciise  charge  density  ■ 


(10. 


and  IS  determined  b>  26^_,^ ,  the  crossing  angle  at  which  the 
gain  r(2^i  reaches  its  maximum  value. 

Comparing  ihe  curses  for  the  undoped  and  doped 
SBN:61  samples  in  Fig  0.  ii  is  apparent  that  cerium  doping 
the  SBN:61  samples  causes  an  increase  in  the  peak-gain 
crossing  angle  6^^^^  According  to  Eq  (10).  this  indicates 
that  cerium  doping  increases  the  effectne  density  of  phoior- 
efraclive  charges  A^^  In  addition,  the  slope  of  each  curse 
near  the  origin  is  related  to  the  product  )  (see  Eq 

(9)  j.  The  initial  slope  of  the  SBN.  75  sample  is  noticeably 


A... 


(e..k„  T 


•  =  sin  (C 


larger,  as  expected,  due  to  its  larger  electro-optic  coefficient. 
Note  also  that  electron  and  hole  competition'*  appears  to 
be  important,  as  seen  by  the  varying  product  in  the 

various  samples.  The  fitted  values  for/-,^C(A)  and  A',^,  cor¬ 
responding  to  each  curve  in  Fig.  6,  are  listed  in  Table  II.  The 
fact  that  cerium  doping  does  not  cause  a  systematic  change 
in  r^fC{K)  implies  that  the  presence  of  cerium  primarily 
alters  the  photorefractise  charge  density  Aj,f  and  not  the 
competition  of  electrons  and  holes 


C.  Wavelength  dependence  of  the  two-wave  mixing 
gain  in  undoped  SBN 

Figure  7  shows  the  wavelength  dependence  of  r  vsA^  ‘ 
for  nominally  undoped  SBN:61  sample  C.  Here,  the  solid 
curves  are  the  best  fit  of  the  data  to  Eq.  (8)  with  the 
(cos  2f? /cos  0, )  factor  taken  to  be  unity  and  the  beam 
crossing  angle  26  converted  to  inverse  grating  spacing  ' 
via  Eq.  (1).  The  gain  of  the  nominally  undoped  SBN  in¬ 
creases  at  shorter  wavelengths  and  approaches  that  of  ceri¬ 
um-doped  SBN,  indicating  an  increase  in  the  effective  num¬ 
ber  of  photorefractis  e  charges  A'^^  in  this  sample  at  short 
ssavelengths.  Figure  8  compares  the  wavelength  dependence 
of  the  effective  number  of  photorefractise  charges  A'^^  ss  ith 
the  absorption  coefficient  a  for  SBN  sample  C  over  the  visi¬ 
ble  ssavelength  range  In  this  SBN  sample,  A'^^  is  approxi¬ 
mately  a  linearis  decreasing  function  of  ssaselength: 

A',^  =  [  -  0.0139  >./;(nm)  -r  8,4]  >,  10'"cm'-. 

In  contrast,  the  wavelength  dependence  of  .V^.„  in  BaTiO, 
ssas  in  one  sample'  and  rff  ssas  the  same  at  457.9 

and  514.5  nm  in  another  sample 

D.  Sign  of  the  effective  photorefractive  charge  carriers 
in  SBN 

The  sign  of  the  dominant  photorefractis  e  charge  carrier 
in  SBN  ssas  determined  by  comparing  the  direction  of  tsso- 
beam  coupling  to  the  direction  of  the  positive  c  axis  of  the 
crystal.  The  c-axis  direction  was  serified  experimentally, 
subsequent  to  poling,  by  observing  the  sign  of  a  compression- 
ally  induced  piezoelectric  voltage.  Comparing  this  piezoe¬ 
lectric  voltage  to  the  direction  of  beam  coupling  in  each  SBN 
sample  indicated  that  the  sign  of  the  dominant  photorefrac- 


TABLt  II  Ideniificaiior  (noic  Ilial  lhev<r  same  ID  s  are  used  in  Figs  J.  t.  and  9).  composition  .s,  dopant,  and  thickness  L  for  sesen  samples  of 
Sr.  Ba,  ,  Nb  0„  The  characlenzation  parameters,  including  ihe  effeciive  phoTorefraelise  charge  densits  the  produci  of  the  effective  electro-optic 
coefficient  r,,  and  the  hole/electron  competition  factor  C(K).  the  grating  formation  rate  per  unit  intensity,  the  dark  conductivity  o.,.  the  mobility /recombin- 
ation-time  product  /it,  ,  and  the  diffusion  length  E,  were  obtained  from  the  data  m  Figs  6  and  9  at  /  =  514  5  nm  using  E<js  (9)-(  12i 
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FIG  7.  The  wavelength  dependence  of  the  two-wave  mixing  gain  coeffi¬ 
cient  r  vs  tnverse  grating  spacing  Aj  '  in  nominally  undoped  SBN:61  sam¬ 
ple  C.  More  impurity  states  become  accessible  at  shorter  optical  wave¬ 
lengths,  contnbuting  to  a  large  photorefractive  coupling  efficiency. 

live  charge  carrier  is  negative  in  all  of  the  SBN  samples  ex¬ 
amined  thus  far,  so  that  the  direction  of  two-wave  mixing 
gain  (and  the  direction  of  beam  fanning)  is  toward  the  posi¬ 
tive  poling  electrode  c  face,  in  contrast  to  commercially 
available’'’  BaTiO,. 

E.  Photorefractive  response  time  of  SBN 

The  photorefractive  response  time  of  SBN  was  deter¬ 
mined  by  measuring  the  rate  of  grating  formation  as  a  func¬ 
tion  of  the  total  optical  intensity  incident  on  the  crystal.  T  ra- 
ditionally,  one  studies  grating  erasure’  ■'  rather  than 
grating  formation,  since  the  forrtver  has  a  simr'l-e  e.xponen'ial 
time  dependence  while  the  latter  does  not.'’'  However,  the 
grating  formation  rates  are  of  more  practical  importance, 
and  here  they  are  arbitrarily  defined  to  be  the  inverse  of  the 
time  for  the  amplified  beam  in  two-wave  mixing  to  reach 
(1  —  e  '  ' )  of  its  steady-state  value 

In  general,  the  grating  formation  rate  in  SBN  increased 
sublinearlv  with  intensity.  Figure  9  shows  the  measured 
grating  formation  rate  at  514.5  nm  in  seven  different  SBN 
crystals  over  the  intensity  range  of  ~  1-1 5  W/cm  Over  this 


FIG  8  Compansi'ii  of  the  spectral  dependence  of  theeffeciive  pholorefrac- 
tive  charge  density  .V,..  ( left  i  and  the  absorption  coefficient  a  (right  I  m 
nominally  undoped  SBN  61  sample  C  The  straight  line  is  a  linear  least- 
square  fit  to  .V,,  vs  /. 


limited  intensity  range,  the  rate  was  approximately  linear 
with  an  intensity  of  1  W/cm’  producing  a  photorefractive 
grating  in  ~  1  s.  Note  that  cerium  doping  in  SBN:61  in¬ 
creases  the  grating  formation  rate  per  unit  intensity  (slope  of 
the  lines  in  Fig.  9)  by  a  factor  of  ~  5. 

The  data  in  Fig.  9  can  be  used  to  compute  the  dark  con¬ 
ductivity  cr^  and  the  product  of  the  mobility /a  and  recombin¬ 
ation  time  .  With  no  externally  applied  electric  field,  and 
in  the  limit  that  the  grating  spacing  is  much  greater  than  the 
diffusion  length'"  (i.e..  A,  T/e),  the  photore¬ 

fractive  time  response  fpR  is  given  by  the  inverse  of  the  di¬ 
electric  relaxation  rate'  '"  and  can  be  written  as 

(fpR  )  '  =  4p-((t^  +  eAafiT^l/hc)/€.  (11) 

where  {hc/A )  is  the  photon  energy.  Furthermore,  the  effec¬ 
tive  mean-free  path  or  diffusion  length  Lj  of  the  photore¬ 
fractive  charge  carrier  can  simply  be  estimated  as  '' 

Lj  =  ^  /jT/f  k  gT  /e .  (12) 

The  fitted  values  for  and  )  are  obtained  from  the 
intercept  and  slope,  respectively,  of  each  line  in  Fig.  9  for 
every  SBN  sample.  These  values,  along  w  ith  the  correspond¬ 
ing  Lj.  are  listed  in  Table  II.  Note  that  the  values  obtained 
for  (fiTg  )  are  self-consistent  with  the  assumption'"  ,\, 
^2-Lj.  Cerium  doping  of  SBN;61  increases  the  rate  of  re¬ 
sponse  and  reduces  the  dark  conductivity.  The  cerium- 
doped  SBN:75  sample  also  show  s  a  reduced  dark  conductiv¬ 
ity,  although  this  crystal's  overall  response  is  relatively  slow 
compared  to  SBN -61  due  to  the  increase  of  its  dielectric  con¬ 
stant  €■,. 

In  a  direct  comparison  between  SBN  and  BaTiO,.  we 
found  that  the  erasure  and  formation  rates  ofa  BaTiO,  crys- 
t.il  obtained  from  Sanders'"  w  ere  a  factor  of  2  faster  than  the 
corresponding  rates  in  the  undoped  SBN  sample  C.  and  were 
appro.ximately  one-third  of  the  rates  of  the  Ce-doped  SBN 
sample  D. 

VI.  CONCLUSIONS 

In  summary.  Sr,  Ba,  ^  ,  Nb.O„(SBN)  can  be  grown 
with  sufficient  size,  optical  quality,  and  extrinsic  dopants  to 
be  suitable  for  photorefractive  applications.  Small  signal 
two-wave  mixing  gains  exceeding  1000  have  been  ob¬ 
served  in  both  nominally  undoped  SBN  and  cerium-doped 
SBN.  The  nominally  undoped  SBN:61  has  an  effectiv  e  pho¬ 
torefractive  charge  density  of  ~  1  X  10'"  cm  “  ‘  and  a  photo¬ 
refractive  grating  formation  rate  per  unit  intensity  of  ~0..' 
cmVw  s  over  the  intensity  range  of  -  1-15  W/cm- at  514.5 
nm.  Cerium  doping  SBN:61  increases  the  charge  density  by 
a  factor  of  ~  3  and  increases  the  formation  rate  by  a  factor  of 

-.5, 

SBN  potentially  exhibits  a  greater  flexibility  for  doping 
than  other  photorefractive  materials  such  as  BaTiO,.  due  to 
its  open  crystal  structure  containing  vacant  lattice  sites.  Cur¬ 
rently.  effort  is  underway  to  optimize  the  photorefractive 
response  of  cerium-doped  SBN  in  the  infrared  by  changing 
the  crystallographic  site  occupied  by  the  dopant  from 
twelve-  to  nine-  or  sixfold  coordination.  Although  the  pho¬ 
torefractive  efficiency  and  formation  rate  are  enhanced  by 
cerium  doping,  the  identification  of  the  valence  states  of  ceri- 
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FIG  ^  The  v''!  p:,^  ■-  ’n-rree!  ' v  er.s!;;  p  •  rn..  .:;jr:fi.:  I^^o-\va^c  niix- 
inc  m  nominalK  unJop^j  SHN  f-i  sampk*"  -}-c  .  L''.*num-di'pcd  SB\  f'. 
samples  /)-/  and  cerium-doped  SHN  "S  sample  6‘  as  a  funciion  otTnciden: 
miensiu.  for  x  —  5N  5  nm  and  \  -  Z  jim  Ccnum  dv'pine  enhance^  the 
photorefraeli'.e  lormanon  rai; 

um  (e  g.,  Ce  ■  '  or  Ce  '  “ )  and  iheir  role  in  the  photorefrac- 
ti\e  process  remains  to  be  determined. 
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AE  STF,  ACT 


The  first  observation  of  self-pumped 
phase  conjugation  using  total  internal 
reflection  in  cerium  doped  strontium 
barium  niobate  was  described  earlier  for 
kkEnrn  radiation  [ij.  We  report  here  or. 
expansion  of  the  frequency  range  from 
HSJnm  to  633nE  which  includes  seven  argon 
laser  lines  and  one  helium  neon  laser 
line.  The  self-pumped  phase  conjugate 
reflectivities  fcr  milliwatt  beams  at  near 
normal  incidence  tc  the  crystalline  c-axis 
have  been  measured.  Based  on  these 

measurements  the  importance  of  linear 
absorption  in  the  operational  bandwidth  of 
the  phase  conjugate  mirror  is  discussed. 
Applications  include  low  power  optical 
storage  devices  and  optical  diodes. 


INTRODUCTION 

Self-pumped  phase  conjugation  using 
total  internal  reflection  was  first  ob¬ 
served  in  a  crystal  of  BaTiO^  [2]  and 
later  in  strontium  barium  niobate 
(SBNJ  [1]  and  barium  strontium  potassium 
sodium  niobate  (BSKNN)  C3].  These  self- 
pumped  phase  conjugate  mirrors  (SPPCMs) 
are  completely  self-contained  and  require 
no  external  mirrors,  pumping  beams,  or 
applied  electric  fields.  In  addition, 
such  devices  are  self-starting,  self- 
aligning  and  require  only  milliwatt 
Incident  beams  to  produce  a  phase  con¬ 
jugate. 


In  a  SPPCM  the  phase  conjugate  beam 
is  produced  by  four-wave  mixing.  However, 
the  two  pumping  beams  that  are  normally 
required  for  four-wave  mixing  are  self¬ 
generated  within  the  crystal  from  the 
incident  beam  itself  via  beam  fanning 
Light  that  is  asymmetrically  defocused  by 
way  of  the  ph ot or ef ract i v e  effect  is 
internally  reflected  from  faces  adjacent 
to  an  edge  of  the  crystal  thereby  forming 
a  two-way  loop  as  shown  in  Figure  1.  This 
relroreflecticn  of  light  from  the  incident 
beam  within  the  crystal  produces  the  pump 
beams  and  leads  to  the  self-alignment  and 
sel f- star ti ng  of  the  phase  conjugate 
mirror. 


FIGURE  1  Self-pumping  corner  loop  in  a 
6mm  crystal  cube  of  Ce-doped 
SBN:60. 


i  ; 
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The  ferroelectric  crystal 

Srg ^Nb204  CSBN:60)  belongs  to  the 
tungsten-bronze  structural  family  and  has 
received  considerable  attention  recently 
due  to  its  attractiveness  for  electro- 
optic,  photoref ractlve,  pyroelectric  and 
mllllaeter  wave  applications  [5,6,7].  The 
first  use  of  SBN:60  as  an  efficient 
photoref ractive  four-wave  mixing  medium 
resulted  in  phase  conjugate  reflectivities 
exceeding  unity  in  an  undoped  crystal  [8]. 
This  was  quickly  followed  by  a  demonstra¬ 
tion  of  passive  phase  conjugation  In 
undoped  SBN:60  based  on  a  self-induced 
oscillation  in  an  optical  ring  cavity  [9]. 
The  observation  of  a  SPPCM  in  SBN:60 
crystals  has  yielded  phase  conjugate 
reflectivities  of  60%  in  undoped  SBN:60 
and  30%  in  Ce-doped  SBN;60  at  4k2nm. 
These  materials  have  recently  been 
discussed  [1]  for  applications  as  optical 
beam  deamplifiers  [10], 


TABLE  I 

PHOTOREFRACTIVE  PROPERTIES  OF 
TUNGSTEN  BRONZE  SBN:60  CRYSTALS 


PROPERTY 

SRN:«0 

SBN:» 

O.OBV.  C« 

SBN:f0-  1 

0.1V*  c« 

DIELECTRIC  CONSTANT 

£.1  *  ••• 

£.,-•■ 

ELECTRO-OPnC  COERC^EMT 

£b*»0 

£d»1000 

£n»1100 

«10  "  m/V 

rn  =420 

r„>42D 

rni>420 

Tc  tC®l 

n 

75 

72 

PHOTOREFRACTIVE  SENSITIVITV 
Ccni*/JI 

35 . 10  * 

8  5  «  10  * 

65  ■  10  ‘ 

RESPONSE  TIME  (ms) 

1000 

80 

80 

GROWTH  TEMPERATURE  (C“) 

1500 

1490 

1485 

GROWTH  DIRECTION 

iwil 

1001) 

10011 

COLOR  OF  CRYSTAL 

PALE  CREAM 

PINK 

PINK 

In  this  paper  we  report  on  an 
expansion  of  the  wavelength  range  for  Ce- 
doped  SBN:60  as  a  SPPCM  and  discuss  the 
importance  of  linear  absorption  on 
measured  values  of  the  reflectivity. 

GROWTH  OF  DOPED  SBN:60  SINGLE  CRYSTALS 

A  comprehensive  review  of  the  status 
of  the  growth  and  applications  of  the 
t ungs t e n- br onz e  family  crystals,  with 
emphasis  cr  the  Sr , , B  a...  N  b,  0,5  solid  solu¬ 
tion  system,  car  be  found  in  the  paper  and 
references  therein  by  Neurgaonkar  and 
Cory  [11].  Of  particular  interest  in  this 
class  of  materials  is  SBN:60  since  it  is 
the  only  congruent  melting  composition  in 
the  SrNb206-  BaNbjO^  system  [12].  Concen¬ 
trated  crystal  growth  efforts  on  this 
composition  has  resulted  in  good  optical 
quality  doped  and  undoped  crystals. 
Boules  as  large  as  2  to  2.5  cm  in  diameter 
are  now  routinely  grown. 


These  large  opti cal -q ual 1 ty  crystals 
of  both  Ce-doped  and  undoped  SBN:60  have 
been  grown  by  suppressing  the  problems 
associated  with  coring  and  striation.  To 
date,  attempts  to  suppress  strlations  in 
Fe-doped  SBN:60  have  been  unsuccessful. 
In  the  t  ungs  ter-br  onz  e  structure,  Ce^"*"  and 
Ce^*'  are  expected  to  occupy  9  and  12-fold 
sites,  while  Fe^'*'  and  Fe^'*'  ions  are 
expected  to  occupy  6-fold  coordinated 
sites.  This  suggests  that  the  existence 
of  striation. s  in  SBN:60  crystals  depends 
strongly  on  the  type  of  dopant  and  its 
location  in  the  structure  [11].  Table  I 
summarizes  the  growth  conditions  and  the 
physical  properties  of  Ce-doped  and 
undoped  SBN:60  crystals  which  were  cut 
into  approximately  6x6x6mm  cubes, 
optically  polished,  and  poled  to  a  single 
domain  for  ph 0 t oref ract i v e  and  SPPCM 
studies. 


PMASt  CONJUGATE 
WITH  6  WITHOUT 
ABERRATOR 


FIGURE  2  Experimental  arrangement  for 
measuring  phase  conjugate 
reflectivities. 


EXPERIMENT 
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PHASt  CONJUGATE 


The  experimental  apparatus  used  for 
the  self-pumped  phase  conjugate  reflecti¬ 
vity  measurements  is  shown  in  Figure  2. 
Phase  conjugate  reflectivities  were 
measured  at  442nm  (He/Cd),  seven  argon-ion 
laser  lines  from  458nm  to  515nm,  and  at 
632.Snm  (He/Ne).  When  the  He/Cd  and  He/Ne 
lasers  were  used  the  beams  were  Inserted 
directly  into  the  polarization  rotator. 
All  beams  were  incident  on  the  crystal 
unfocused  and  polarized  extraordinary  to 
take  advantage  of  the  large 

rjj(»ll20  X  10“’^  m/V)  electro-optic 

coefficient  in  SBN:60.  The  aperture 

directly  in  front  of  the  crystal  was 
Intended  to  verify  that  the  beams  were 
incident  at  the  same  point  on  the  front 
face  and  at  the  same  angle.  The  laser 
output  powers  ranged  from  0.2mW  at  472r.ii: 
to  15mW  at  488nc.  Beam  diameters  at  the 
1/e  points  of  the  peak-on-axis  Intensity 
ranged  from  1.05mm  to  2.2mm. 

Extraordinary  polarized  light  was 
used  to  write  gratings  while  ordinary 
polarized  light  was  used  to  erase  the 
gratings.  Although  detailed  data  is  not 
yet  available,  we  have  observed  dark- 
storage  times  for  gratings  in  Ce-doped 
SEN;60  ir.  excess  of  four  days.  The 
beamsplitter  was  used  to  extract  a  cali¬ 
brated  fraction  of  the  phase  conjugate 
intensity.  Both  the  input  and  the  output 
Intensities  were  monitored  using  an 
oplioal  mui  ti-ohar.r.el  analyzer  (CMa:  or 
photodiodes.  The  CKA  was  particularly 
useful  ir.  allowing  compariscrs  of  peak 


FIGURE  3  A  comparison  of  spatial  beam 
profiles  to  verify  phase 
conjugation.  Relative  peak 
intensities  are  arbitrary. 


intensities,  beam  shape,  and  testing  for 
phase  conjugation.  For  example,  when  an 
input  Gaussian  beam  was  propagated  through 
a  phase  aberrator,  the  aberrated,  input 
and  phase  conjugated  beams  could  be 
observed  on  the  OMA  (Figure  I',.  This  made 
it  possible  to  verify  that  the  distortion 
int-oducei  by  the  aberrator  was  indeed 
reversed  via  phase  ocr.Jugclicn  by  the 
SPPCM.  All  values  of  the  phase  conjugate 
reflectivity  are  for  steady  state  and  are 
shown  ir.  Figure  1  as  a  function  of  ■  . 


WAVEIENOTM  (nmi 


- « - 

600  63." 


FIGURE  4  The  pnase  conjugate  reflectivity 
of  the  Ce-doped  SBN:60  self- 
pumped  phase  conjugate  mirror  as 
a  function  of  wavelength. 


RESULTS  AND  DISCUSSION 


WAVELENGTH  Inml 


FIGURE  5  The  abaorction  coefficient  for 
SEN  aa  a  function  of  wave¬ 
length. 

The  wavelength  dependence  of  the 
abaorptlon  coefficient  for  ordinary  polar¬ 
ized  light  in  our  Ce-doped  SBN:60  aample 
ia  ahown  in  Figure  5.  The  llmita  of  the 
wavelength  region  uaed  in  the  SPPCM  atudy 
of  the  Ce-doped  naterlal  la  Indicated  by 
the  tick  larka  which  correapond  to  Uil2nm 
and  632. 8nm.  The  total  transm isai on  of 
the  aaaple  '  -•  thick)  changed  approx- 

icately  UCt  in  this  wavelength  range  due 
tc  the  introduction  of  oerluo  iona  into 
the  SBN : iC  crystal  lattice. 


In  order  to  grin  an  underatandlng  of 
the  importance  of  such  strong  absorption 
on  the  phase  conjugate  reflectivity  In 
these  doped  samples  a  pumping  geometry  was 
selected  to  minimize  changes  In  the  beam 
coupling  strength.  In  particular,  we 
selected  the  near  normal  pumping  geometry 
as  shown  In  Figure  6  which  served  to  fix 
the  two  pump  beams  within  the  crystal  at 
angles  a,A-90°  and  a,»80°  with  respect 
to  the  crystal  c-axls.  This  pumping 
geometry  approximately  corresponds  to  the 
optimized  value  of  the  coupling  coeffi¬ 
cient  in  SBN:60  [1].  Under  these 

conditions  we  can  write  the  coupling 
coefficient  r  ,  as  [2], [13]: 


where  the  electric  field  is: 


•  f  K  /  k  ) 


and  T  =  is  the 

number  density  of'  charges  available  for 
grating  formation  which  originate  from 


FIGURE  6  Details  of  pumping  geometry 

used  to  analyze  >  -dependence  of 
Ce-doped  SBN:60  SPPCM. 


traps  of  unknown  depth  and  which  decrease 
with  Increasing  wavelength,  -  zT.c/n\  Is 
the  optical  frequency,  n=n(X)  la  the 
refractive  Index  which  Is  a -dependent  due 
to  the  strong  absorption  In  the  region  of 
Interest,  kj^T/q  Is  the  thermal  energy  per 
charge,  t  Cq  Is  the  dielectric  constant  In 
the  grating  direction,  and 

k  =  2(n_/c)sin[3;  -  is  the  magnitude 

of  the  grating  wave  vector  k.  SBN:60 
belongs  to  the  kmm  symmetry  point  group  so 
that  for  extraordinary  rays  r^.f  Is  given 
by  [  1  3  ]  ,  [  U  ]  : 

r  .  .  =  i  r,  ,  ,cos  i-.cos  j.  + 
e  r :  '  c  i  j 


r.  "r  ^  „s  inj  ■  sin.i^  isini  (  a:  +  ai)/!, 
e  j  j 


Note  that  is  a  complicated  function  of 
.  ,  explicitly  through  .  and  Implicitly 
through  N('.  )  and  n(/).  Using  the  near 
constancy  of  (a  -a  )  and  putting  only  the 
explicit  wavelength  dependence  occurring 
through  A  in  these  expressions  we  car. 
write  '  as: 


In  Figure  7,  the  explicit  wavelength 
depended ce  of  the  coupling  coefficient  at 
normal  Incidence  for  Ce-doped  SBN:60  is 
giver.  by  the  solid  curve.  When  the 
implicit  .  -dependence  of  both  the 
dispersion  in  the  index  of  refracticn  [13] 
and  the  charge  carrier  density  N , •  is 


also  considered,  the  coupling  coefficient 
is  given  by  the  dashed  curve.  Here  we 
have  assumed  a  dependence  on  N  [13]. 

This  is  a  reasonable  assumption  since  our 
data  was  taken  on  the  high  wavelength  side 
of  the  impurity-related  absorption 
profile  [16].  It  should  be  noted  that  the 
strong  wavelength  dependence  of  >(>)  is 
not  evident  in  the  measured  phase 
conjugate  reflectivity  data  of  Figure  t. 
On  the  contrary,  the  phase  conjugate 
reflectivity  is  seen  to  increase  with  i 
until  at  least  a  value  of  5l5nm.  We 
suggest  that  the  effects  of  linear  absorp¬ 
tion  in  the  wavelength  region  of  our 
measurements  is  responsible  for  this 
surprising  behavior.  Cf  course,  the 

reflectivity  must  eventually  fall  to  zero 
due  to  its  threshold  behavior  as  a 
function  of  the  coupling  strength, 
VI  1 17  ]  . 

As  can  be  seen  in  the  absorption 
coefficient  data,  shown  in  Figure  5,  the 
intensity  loss  by  a  pumping  beam  as  it 
reflects  from  one  interaction  region  into 
the  other  (Figure  1)  is  also  heavily 
dependent  on  wavelength.  As  first  pointed 
out  in  a  paper  by  MacDonald  and 
Feinberg  [17],  the  rather  large  coupling 
losses  will  substantially  diminish  the 
reflectivity  of  the  SPPCM.  As  a  result, 
the  reflectivity  is  predicted  to  decrease 
with  increasing  wavelength,  due  to  the 
decrease  in  the  coupling  coefficient  ■  (  •  i, 
but  simultaneously  predicted  to  increase 
due  to  the  lower  coupling  loss.  These  twc 
opposing  effects  lead  to  the  data  in 
Figure  t.  In  this  case,  therefore, 

absorption  plays  a  significant  role  in 
determining  the  reflectivity  cf  SEN  as  a 
self-pumped  phase  conjugate  mirror. 
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FIGURE  7  The  steady-state  coupling 

strength  per  unit  length  as  a 
function  of  wavelength. 
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Afts/roc/— The  first  use  of  cerium-doped  Sro  tBio.tNbjOt  as  a  broad¬ 
band  self-pumped  phase-conjugate  mirror  using  internal  reflection  is 
reported.  The  phase-conjugate  reflectivity  at  normal  incidence  ranged 
from  two  percent  at  442  nm  to  seven  percent  at  515  nm  and  was  zero 
at  633  nm.  The  electron-hole  competition  was  found  to  be  significant 
and  had  a  wavelength  dependence  in  one  sample  but  not  the  other.  The 
charge  carrier  density  was  -7  x  10"  cm'^  and  was  wavelength  in¬ 
dependent.  The  absorption  coefficient  ranged  from  2  cm'*  at  the 
shorter  the  wavelengths  to  zero  at  longer  wavelengths.  The  dispersion 
in  the  indexes  of  refraction  was  measured  and  the  birefringence  was 
-0.036.  The  sign  of  the  dominant  charge  carriers  was  determined  to 
be  negative  and  the  sign  of  the  electrooptic  coefficient,  r^.  was  positive. 
Using  the  above  values,  a  wavelength  dependent  coupling  coefficient 
has  been  determined.  The  experimental  results  indicate  that  the  pbase- 
coitjugate  reflectivity  decreases  at  shorter  wavelengths  due  to  increased 
absorptive  losses  and  experiences  a  threshold  effect  at  longer  wave¬ 
lengths. 

Introduction 

The  ferroelectric  crystal  Sro 4Nb;Oe,  (SBN;60) 
belongs  to  the  tungsten-bronze  structural  family  and 
has  received  considerable  attention  recently  due  to  its  at¬ 
tractiveness  for  electrooptic,  photorefractive.  pyroelec¬ 
tric,  and  millimeter  wave  applications  [ll-(3].  It  was 
shown  to  be  an  efficient  two-beam  mixing  material  by 
Megumi  et  al.  [4]  after  the  introduction  of  Ce-ions  as  im¬ 
purity  dopants.  The  first  use  of  undoped  SBN:60  as  a 
photorefractive  four-wave  mixing  medium  employed  ex¬ 
ternal  pumping  beams  and  resulted  in  phase-conjugate  re¬ 
flectivities  exceeding  unity  [5].  This  was  quickly  fol¬ 
lowed  by  a  demonstration  of  passive  phase  conjugation  in 
undoped  SBN  ;60  based  on  self-induced  oscillation  in  an 
optical  ring  cavity  [6].  The  first  use  of  SBN  ;60  as  a  self- 
pumped  phase-conjugate  mirror  (SPPCM)  requiring  no 
external  mirrors  or  pumping  beams,  yielded  phase-con¬ 
jugate  reflectivities  of  60  percent  in  undoped  crystals  and 
30  percent  in  Ce-doped  crystals  at  442  nm  [7],  To  date 
only  three  crystals  have  demonstrated  self-pumped  phase 
conjugation:  BaTiO,  (8],  SBN  [7],  (9).  and  BSKNN  110] 
In  this  paper,  we  present  our  experimental  data  char¬ 
acterizing  Ce-doped  SBN  :  60  as  a  broadband  photorefrac- 
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tive  material.  Specifically,  we  demonstrate  for  the  first 
time  self-pumped  phase  conjugation  in  this  material  over 
a  broad  spectral  range  in  the  visible.  We  have  determined 
the  charge  carrier  density,  the  electron-hole  competition, 
and  the  gain  coupling  coefficient  through  two-beam  cou¬ 
pling  measurements  at  488  nni  and  633  nm.  In  addition, 
we  have  measured  the  refractive  indexes,  the  absorption 
coefficient,  and  the  poling  factor.  By  taking  the  dispersion 
of  these  measured  parameters  into  account,  we  provide  a 
calculation  of  the  wavelength  dependence  of  the  coupling 
coefficient  and  explain  the  relationship  of  absorption  to 
self-pumped  phase  conjugation. 

Growth  of  Doped  SBN: 60  Single  Crystals 

A  comprehensive  review  of  the  status  of  the  growth  and 
applications  of  the  tungsten-bronze  family  crystals,  with 
emphasis  on  the  Sr; .  ,Ba,Nb;0(,  solid-solution  system, 
can  be  found  in  the  paper  and  references  therein  by  Neur¬ 
gaonkar  and  Cory  (11).  Of  particular  interest  in  this  class 
of  materials  is  SBN :  60  since  it  is  the  only  congruent 
melting  composition  in  the  SrNb;Oft-BaNb;06  system 
(12),  Concentrated  crystal  growth  efforts  on  this  compo¬ 
sition  have  resulted  in  good  optical-quality  doped  and  un¬ 
doped  cry  stals.  Boules  as  large  as  2  to  2.5  cm  in  diameter 
are  now  routinely  grown  and  allow  the  fabrication  of  pho¬ 
torefractive  cry  stal  cubes  approaching  2  cm  on  a  side  (see 
Fig.  1). 

These  large  optical-quality  crystals  of  both  Ce-doped 
and  undoped  SBN; 60  have  been  grown  by  suppressing 
the  problems  associated  with  coring  and  striation.  The  ad¬ 
dition  of  cenum  produces  a  broadband  absorption  in  the 
visible  which  enhances  the  photorefractive  effect  consid¬ 
erably  in  this  crystal  [4],  [13].  In  the  tungsten-bronze 
structure,  Ce’*  and  Ce**  ions  are  expected  to  occupy  9- 
and  12-fold  sites,  while  Fe’*  and  Fe^*  ions  are  expected 
to  occupy  6-fold  coordinated  sites.  To  date,  attempts  to 
suppress  striations  in  Fe-doped  SBN; 60  have  been  un¬ 
successful.  This  suggests  that  the  existence  of  striations 
in  SBN :  60  crystals  depends  strongly  on  the  type  of  do¬ 
pant  and  its  location  in  the  structure  [II].  Table  1  sum¬ 
marizes  the  growth  conditions  and  typical  physical  prop¬ 
erties  of  Ce-doped  and  undoped  SBN  :60  crystals. 

For  our  photorefractive  and  SPPCM  studies,  high  op¬ 
tical-quality  SBN .  60  samples,  both  undoped  and  nomi¬ 
nally-doped  with  cerium,  were  cut  from  different  boules. 
optically  polished,  and  poled  to  a  single  domain.  In  all. 
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CE-DOPEO  SBN:60  CRYSTAL 
GROWTH  DIRECTION.  [001J 


Fig  1  A  phoiograph  of  an  as-grown  boule  of  Ce-doped  SBN;60  The 
long  dimension  of  the  boule  defines  the  growth  direction  [001]  and  the 
crystal  r  axis 
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measurements  were  carried  out  on  four  different  samples. 
Crystal  #1  was  a  Ce-doped  wedge-shaped  sample  (23° 
apex  angle)  used  to  measure  the  indexes  of  refraction. 
Crystal  #2  was  an  undoped  6x5x5  mm  sample  used 
for  comparative  purposes.  Crystals  #3  (6.5  mm  cube)  and 
4  (3.5  X  6.5  X  9.0  mm  slab)  were  both  cerium-doped 
and  were  used  for  photorefractive  measurements. 

Experimental  Results 
Material  Properties 

The  total  transmission  of  our  Ce-doped  and  undoped 
SBN; 60  samples  can  be  seen  in  Fig.  2,  showing  that  the 
doped  SBN  .  60  crystals  will  be  particularly  sensitive  in 
the  blue-green  region  due  to  the  introduction  of  cerium 
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Fig  2.  The  transmission  spectra  of  SBN  60  la)  Crystal  *2  lundoped), 
thickness  =  5  0  mm  lb)  Crystal  44  (Ce-doped),  thickness  =  3.5  mm 
(c)  Crystal  43  (Ce-doped).  thickness  =  65  mm 

ions  into  the  12-fold  coordinated  sites  of  the  SBN: 60 
crystal  lattice.  The  wavelength  dependence  of  the  absorp¬ 
tion  coefficient  for  ordinary  polarized  light  in  crystal  #4 
is  shown  in  Fig.  3. 

The  strong  absorption  in  the  ultraviolet  is  mainly  re¬ 
sponsible  for  the  dispersion  in  the  index  of  refraction.  The 
ordinary  and  extraordinary  indexes  of  refraction  were 
measured  as  a  function  of  wavelength  and  are  shown  in 
Fig,  4.  These  values  (points)  were  obtained  using  the 
minimum  angle  of  deviation  technique  on  a  poled  23° 
wedge  of  Ce-doped  SBN  :  60  (crystal  #1 ).  The  dispersion 
relationships  are 

rto  —  AqX''  Bo\  +  Co 

and  ( J ) 

ji,  =  .4,  X"  +  Bf  \  +  C, 
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Fig  3  The  absorption  coefficient  for  Ce-doped  SBN  60  as  a  function  of 
uavelength  (crystal  #4) 


• - • 

EXTRAORDINARY 


2  2  - - — - - - 

400  45C  SOC  SSC  60C  65C  700  750 

wavelength  (nml 

Fig  4  Measured  reffaciise  index  for  Ce-doped  SBN  60  as  a  function  of 
vkaselength  icrysfal  P\) 

where  Aq  =  1.877  x  l0'‘’/nm^  =  —2.708  x 

lO'Vnm.  Co  =  3.272,  A,  =  1.826  x  I0'Vn^l^  B,  = 
-2.W8  X  lO’^/nm,  and  C,  =  3.197.  These  relation¬ 
ships  represent  the  best  fit  to  the  measured  data  (normal¬ 
ized  rms  deviation  of  fit  ~  0.2  percent ).  We  can  estimate 
the  birefringence  from  these  curves  to  be  An  =  (n,  -  Hq) 
- 0.036. 

The  sign  of  the  largest  electrooptic  coefficient  was 
determined  to  be  positive  for  all  samples  by  use  of  a  cal¬ 
ibrated  compensator  [14).  This  fact,  coupled  with  the  ob¬ 
servation  that  extraordinary  light  fans  toward  the  elec¬ 
trode  held  positive  during  poling,  gives  a  negative  sign 
for  the  photorefractive  charge  carriers,  as  similarly  found 
in  BSKNN  (10).  By  comparison,  under  normal  growth 
conditions  the  charge  carriers  in  BaTiOj  are  positive  and 
extraordinary  light  fans  toward  the  negative  poling  elec¬ 
trode  [14],  [15). 

Two-Beam  Coupling 

Steady-state  two-beam  coupling  measurements  were 
made  on  crystals  #3  and  4  at  488  and  633  nm.  The  mea¬ 


surements  were  made  using  ordinary  polarized  light  after 
the  technique  described  by  Ducharme  and  Feinberg  [15J. 
A  beam  splitter  was  used  to  direct  coherent  Gaussian 
beams  through  the  crystals  such  that  the  grating  wave  vec¬ 
tor,  kg,  was  parallel  to  the  c  axis  direction.  The  beam  in¬ 
tensities  were  chosen  so  that  /qi  «  /q;  and  were  intro¬ 
duced  into  the  crystal  such  that  the  weaker  beam,  /|, 
experienced  gain.  The  two  beams  were  incident  in  a  plane 
normal  to  the  crystal  at  an  external  crossing  angle  26, 
where  6  defines  the  angle  between  the  incident  beam  and 
a  normal  to  the  c  axis  of  the  crystal  For  these  conditions 
kg  =  2(it)/c)  sin  6.  The  transmitted  intensity  of  the  weak 
beam  was  monitored  with  and  without  coupling,  and 
/),  respectively.  Intensity  ratios  of  m  =  Iqi/1q2  =  1/85 
for  633  nm  and  m  =  1/106  for  488  nm  were  used  to 
permit  theoretical  modeling  [14],  [16].  Under  these  con¬ 
ditions.  the  weak  beam.  /,,  experiences  an  increase  in  in¬ 
tensity  along  its  direction  of  propagation  given  by  [17) 

lu  ^  (I  +  m)  exp  ^2) 

/,  1  -t-  m  exp  I 

where  for  small  m 

l\Jl\  ~  exp  (yZ.,,,)  (3) 

In  the  above  equations.  Z-tp  is  the  interaction  length  and 
y  is  the  two-beam  energy-coupling  gam  coefficient.  The 
beam  crossing  angles  were  selected  such  that  the  overlap 
region  of  the  input  beams  extended  the  entire  thickness  of 
the  crystal  making  L^f,  =  6.5  mm  for  crystal  #3  and  3.5 
mm  for  crystal  #4.  The  coupling  coefficient  is  given  by 
115).  118).  1191 

^  —  — .  '  -  ^  ( 4 ) 

Xn  cos  6q\  1  -s  (Z, /!:(,)') 

where  kl  =  q'  N^ff/kgT kgT/q  is  the  thermal  energy 
per  charge,  e«o  is  the  dielectric  constant  in  the  grating  di¬ 
rection,  and  A'cff  =  A'<(  1  -  is  the  effective  den¬ 

sity  of  photorefractive  charges  Here.  No  is  the  number 
of  donor  sites  and  N^  is  the  number  of  trap  sites  under 
dark  conditions  and  Np  >  Ng.  The  parameter  R  gives  a 
measure  of  the  electron-hole  competition  in  the  formation 
of  the  space-charge  field  The  values  of  R  range  from  —  1 
to  -b  1  where  ±  1  indicates  no  competition  and  a  zero  value 
indicates  equal  competition.  x  Fis  an  effective 

clcctrooptic  coefficient  which  depends  on  the  polarization 
state  of  the  crossing  beams,  the  crystal  symmetry  and  the 
fractional  poling  factor  F  (18).  SBN: 60  belongs  to  the 
4  mm  symmetry  point  group  so  that  for  extraordinary  rays 
Rg„  is  given  by 

=  njrj,  cos'  6  -  no^'n  sin’  6  (5) 

and  for  ordinary  rays.  R,n  is  given  by 

^efi  =  n  Jr  I,  [5^ 

The  fractional  poling  factor  is  included  in  to  account 
for  the  180°  domains  which  could  exist  if  the  sample  is 
not  completely  poled.  The  poling  factor  for  crysul  #3  was 
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measured  to  be  0.94  [20].  The  poling  factor  for  crystal  #4 
will  be  assumed  to  be  1.0. 

Our  two-beam  coupling  data  was  taken  with  a  total  in¬ 
put  intensity  (/qi  +  /q^)  of  15  mW/cm^.  The  results  were 
found  to  be  intensity  independent  above  a  total  input  in¬ 
tensity  of  1.5  mW/cm'.  This  indicates  that  the  dark  con¬ 
ductivity  was  small  compared  to  the  photoconductivity 
over  the  regime  of  our  measurements;  thus  R  and  y  were 
independent  of  intensity.  In  addition,  the  dark  decay  time 
of  these  crystals  was  on  the  order  of  a  few  days,  which 
indicates  a  dark  conductivity  of  approximately  1  x  10' 

(fi  cm)"'. 

The  ratio  of  (ordinary  light)  was  measured  as  a 
function  of  the  external  angle  6.  The  data  was  taken  on  a 
chart  recorder  to  ensure  that  a  steady  state  was  reached. 
The  normalized  experimental  points  are  shown  in  the  plot 
of  kg/y  versus  fe‘  in  Fig.  5.  By  plotting  the  data  in  this 
way,  a  straight  line  fit  is  obtained  from  (4).  A  deviation 
from  a  straight  line  fit  in  crystal  #4  [Fig.  5(a)|  for  the 
normalized  k'^  >  0.1  indicates  a  slight  dependence  of  R 
on  k^  which  becomes  apparent  at  larger  crossing  angles. 
This  dependence  was  further  evidenced  by  measuring  the 
coupling  at  the  -  180°  crossing  angle,  which  yielded  a 
value  of  kg/y  that  was  larger  than  the  straight  line  fit  by 
a  factor  of  three. 

The  v-intercept  of  the  fitted  lines  in  Fig.  5  determines 
and  the  slope  determines  With  ordinary  light, 
r^„R  can  be  written  as  Rnor^^F.  If  the  value  of  55  pm/V 
IS  assumed  for  the  r,  ,  electrooptic  coefficient  [21]  and  the 
value  of  F  is  as  given  earlier,  then  R  and  .Vj^can  be  found 
This  procedure  gave  a  value  of  for  cry  stals  Mi  and  4 
which  changed  very  little  from  488  to  633  nm;  .V^ff  -  7 
±  0.5  X  lO'^  cm'  \  In  crystal  Mi.  R  was  found  to  vary 
only  slightly  ,  from  0.58  at  488  nm  to  0.62  at  633  nm. 
Cry  stal  MA.  by  contrast,  varied  from  R  =  0.32  at  the  488 
nm  line  to  /?  =  0  45  at  the  633  nm  line.  These  values 
indicate  significant  electron-hole  competition  in  both 
crystals  and  show  that  the  electron-hole  competition  can 
be  wavelength  dependent.  Using  the  values  of  and  R 
above,  y  is  plotted  versus  external  angle  in  Fig.  6. 

Other  samples  of  SBN.  both  cerium-doped  and  un¬ 
doped,  were  studied  recently  by  Ewbank  et  al.  (22)  and 
found  to  have  a  smaller  than  our  crystals.  In  addition. 

was  found  to  vary  with  wavelength  in  an  undoped 
sample.  Another  difference  involved  the  dark  decay  time 
which  was  on  the  order  of  seconds  for  their  samples  com¬ 
pared  to  days  for  ours.  The  observed  differences  in  these 
parameters  are  related  to  the  dopant  concentration  which 
can  be  controlled  during  crystal  growth. 

Self-Pumped  Phase  Conjugation 

The  self-pumped  phase-conjugate  mirrors  (SPPCM’s) 
discussed  here  are  completely  self-contained  and  require 
no  external  mirrors  [23],  [24],  pumping  beams  [25],  or 
applied  electric  fields.  In  addition,  such  devices  are  self¬ 
starting.  self-aligning,  and  require  only  milliwatt  incident 
beams  to  produce  a  phase-conjugate.  In  an  SPPCM.  the 
phase-conjugate  beam  is  produced  by  four-wave  mixing. 


(a) 


lb) 


Eig  5  Normalized  plots  of  the  inverse  of  the  coupling  coefficient  times 
the  grating  period  as  a  function  of  t;  for  Ce-doped  SBN  60 
crvsials  and  4  The  fitted  lines  determine  the  values  of  .V,,  and  R  lai 
4«8  nm-#.V  R  =  0  58.  =  7  0  »  10  ‘  icm)  *,  »4  R  =  0.32.  ,V,, 

=  '  0  A  lO'"  (cm)  '  (hi  63.3  nm-»3  /f  =  0  62.  .V..  =  7  0  x  I0'‘ 
(cm) ■ i»4  J?  =  0  45.  ,V,,  =  b  6  A  10“"  icmi '  ' 


EXTERNAL  ANCLE  OF  INCIOENCC  (6) 

Fig.  6.  The  coupling  coefficient  t  as  a  function  of  the  external  angle  of 
incidence.  S,  for  Ce-doped  SBN  :  60  crystals  e3  and  4  These  curves  were 
drawn  using  the  ft's  and  N,ir's  determined  in  Fig.  5.  (a)  488  nm  (b)  633 
nm. 

However,  the  two  pumping  beams  that  are  normally  re¬ 
quired  for  four-wave  mixing  are  self-generated  within  the 
crystal  from  the  incident  beam  via  stimulated  scattering 
(beam  fanning)  [26].  Light  that  is  “fanned”  via  the  pho- 
torefractive  effect  is  internally  reflected  from  faces  adja- 


2130 


lEEt  JOURNAL  OF  QL  aML  M  ELECTRONICS  VOL  QE  2?  NO  12.  DECEMBER 


Fig  7  A  photograph  of  a  Ce-doped  SBN  ;  60  crystal  taken  while  the  coi¬ 
tal  Nvas  seif'pumpmg  The  r-axi'i  of  the  crystal  is  directed  from  the  bot 
tom  to  the  top  of  the  photograph  and  the  extraordinary  polarized  beam 
at  442  nm  is  propagating  from  right  to  left,  entering  the  crystal  \Mth  a 
posiii'e  angle  of  incidcnLC  Thai  is,  the  incident  beam  was  heading  in 
the  general  direction  ol  the  lop  left  comer  and  then  curved  down  to  the 
bottom  left  comer  of  the  ».rvstj! 


cent  to  an  edge  of  the  cn  stal  thereby  forming  a  two-way 
comer  loop  [8].  This  retroreflection  of  light  within  the 
cry  stal  provides  feedback  for  the  four-wave  mixing  pro¬ 
cess  leading  to  the  self-alignment  and  self-starting  of  the 
phase-conjugate  mirror  Fig  7  is  a  photograph  showing 
the  top  view  of  a  Ce-doped  SBN  60  crystal  while  the 
cry  stal  is  self-pumping  in  the  steady  state  for  an  incident 
beam  angle  of  50'.  The  cry  stal  is  in  air  and  is  being 
pumped  with  the  442  nm  line  of  a  HeCd  laser  |7).  The 
illuminated  front  face  of  the  cry  stal  is  due  to  imperfec¬ 
tions  in  the  polished  surface 

The  experimental  apparatus  used  for  the  self-pumped 
phase-conjugate  reflectivity  measurements  is  shown  in 
Fig.  8.  Phase-conjugate  reflectivities  were  measured  at 
seven  argon-ion  laser  lines;  458.  465.  477,  488,  497,  502, 
and  515  nm;  at  442  (HeCd)  and  at  633  nm  (HeNe).  The 
laser  output  intensities  ranged  from  -50  mW/cm‘  to  1 
W/cm^  Beam  diameters  at  the  1  /e'  points  of  the  peak- 
on-axis  intensity  ranged  from  1.05  to  2.2  mm.  The  co¬ 
herence  length  of  these  multilongitudinal  mode  lasers  was 
on  the  order  of  a  few  centimeters. 

When  the  HeCd  and  HeNe  lasers  were  employed,  the 
prism  shown  in  Fig.  8  was  not  used.  All  beams  were  un¬ 
focused,  at  normal  incidence,  and  polarized  extraordinary 
to  take  advantage  of  the  rjj  elcctrooptic  coefficient  (21] 
(  ~  224  pm /V ).  The  apenure  directly  in  front  of  the  crys¬ 
tal  was  used  to  ensure  that  the  beams  were  incident  at  the 
same  point  on  the  front  face.  After  a  measurement,  ordi¬ 
nary  polarized  light  was  used  to  erase  the  gratings.  Era¬ 
sure  was  necessary  because  of  the  long  dark  decay  times. 
The  beam  splitter  was  used  to  extract  a  measured  fraction 
of  the  phase-conjugate  intensity.  Both  the  input  and  the 
output  intensities  were  monitored  using  photodiodes  or  an 
optical  multichannel  analyzer  (OMA). 

The  OMA  was  particularly  useful  in  allowing  compar¬ 
isons  of  peak  intensities,  beam  shape,  and  testing  for 
phase  conjugation.  Phase  conjugation  was  demonstrated 
by  allowing  an  input  Gaussian  beam  to  propagate  through 


a  phase  aberrator.  The  spatial  beam  profiles  of  the  aber¬ 
rated.  input,  and  phase-conjugated  beams  were  recorded 
with  the  OMA  at  the  positions  shown  in  Fig.  8.  Fig.  9 
shows  a  comparison  of  these  spatial  beam  profiles  which 
verify  that  the  phase  distortion  introduced  by  the  aberrator 
was  indeed  reversed  via  phase  conjugation  by  the  SPPCM. 

The  self-pumped  phase-conjugate  reflectivity  data  taken 
on  crystal  #3  is  shown  in  Fig.  10.  These  reflectivity  val¬ 
ues  would  be  larger  if  Fresnel  reflection  losses  were  elim¬ 
inated.  Note  that  the  value  at  497  nm  does  not  fit  the  gen¬ 
eral  upward  trend  at  shorter  wavelengths.  This  is  presently 
unexplained  but  a  similar  result  was  also  noted  by  Jahoda 
et  at.  [27]  in  BaTiOj  around  615  nm.  Our  data  was  re¬ 
corded  with  the  pumping  geometry  as  shown  in  Fig.  11. 
This  pumping  geometry  served  to  fix  the  two  pump  beams 
within  the  crystal  at  angles  a,  =  90°  and  oj  =  72°  ± 
5°  with  respect  to  the  crystal  c  axis,  as  measured  from 
photographs.  The  beam  entered  the  crystal  at  normal  in¬ 
cidence  -2  mm  from  the  edge  indicated.  A  beam  fan 
would  appear  and  subsequently  collapse  into  two  strong 
beams  bent  into  the  comer,  as  shown  in  Fig.  7.  The  ap¬ 
pearance  of  the  phase  conjugate  coincided  with  the  col¬ 
lapse  of  the  beam  fan.  The  time  response  for  the  forma¬ 
tion  of  the  phase  conjugate  is  intensity  dependent  and  t«o 
to  three  orders  of  magnitude  longer  than  that  of  beam  fan¬ 
ning  [7],  [28].  The  HeNe  line  at  633  nm  would  not  seif- 
pump  with  this  geometry  ,  although  it  fanned  consider¬ 
ably.  The  beam  had  to  be  sent  directly  into  the  comer  at 
a  minimum  angle  of  3°  (the  data  point  in  Fig.  10  was 
recorded  at  this  angle).  It  should  be  noted  that  the  opti¬ 
mum  reflectivities  for  these  wavelengths  were  observed 
with  different  pumping  geometries,  in  particular,  at  larger 
angles  [7]. 


Discussion 

The  pumping  geometry  of  Fig.  1 1  approximately  cor¬ 
responds  to  the  optimized  value  of  the  coupling  coefficient 
in  SBN  ;60  as  seen  in  Fig.  12;  where  we  show  the  com¬ 
plete  angular  dependence  of  the  coupling  coefficient  for 
Ce-doped  SBN  :60  at  488  nm.  Note  that  Oi  was  fixed  by 
the  incident  angle  (90° )  and  02  was  free  to  form  at  which¬ 
ever  angle  corresponded  to  the  maximum  value  of  the 
coupling  coefficient.  The  coupling  coefficient  is  given  by 
18],  [29] 


y  —  - 

2nc  cos  [(o)  -  a2)/2] 
where  the  electric  field  is 


(7) 


_  „kflrk,cos(a,  -  a.) 

t*  M\  1  1  /  u  It,  \2 

q  1  +  (kg/ko)- 

w  =  2xc/\,  X  is  the  vacuum  wavelength,  rt  =  n(X)  is 
the  refractive  index  which  is  wavelength  dependent  in  the 
region  of  interest,  and  kg  =  2(nw/f)  x  sin  ((0|  — 
a2)/2]  is  the  magnitude  of  the  grating  wave  vector, 
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Fig  8  Expenmental  arrangenicni  for  measunng  phase-conjugate  reflec¬ 
tivities  and  fortesting  the  phase-correcting  ability  of  the  phase-conjugate 
vsave 


Fig  9  A  companson  of  spatial  beam  profiles  to  venfy  phase  conjugation 
Relative  peak  intensities  are  arbitrary 


Fig.  10.  The  sleady-sute  phise-conjugile  leflecliviiy  of  the  Ce-doped 
SBN  :  60  self-pumped  phase-conjugate  minor  ( crystal  0^ )  for  a  normally 
incident  beam  as  a  function  of  wavelength.  The  data  has  not  been  cor¬ 
rected  for  Fresnel  losses 


=  X  F  and  is  given  as 


=  [”oF|j  COS  g|  cos 

ttT  + 

2nlnlr^2 

■  cos^  {(g,  +  g; 

)/2} 

4  sin  g,. 

•  sin  gyj  sin  {(g. 

+  a- 

i)/:} 

(9) 

for  extraordinary  light  and 

/?eff  =  sin  { 

(g,  4 

(10) 

for  ordinary  light.  It  should  be  noted  that  this  >,  which 
relates  electric-field  amplitudes,  is  one  half  the  value  of 
the  7  denoted  in  (4)  for  the  two-beam  coupling,  which 
related  beam  intensities. 

The  wavelength  dependence  of  the  coupling  coefficient 
can  be  written  as 
7  = 

/?(  X)  X)  sin  [(g,  -  a;  ),^2]  cos  (a,  -  a; ) 

q\'  cos  [(g,  -  a2)/2]  [l  -b  (4Trn(X) 

•  sin  [(g,  -  gs)/2]/XA:o(X))’]  (11) 

where  all  the  wavelength  dependent  terms  have  been  de¬ 
noted.  We  assume  that  the  electrooptic  coefficients,  r^x. 
r42.  and  ryy,  are  wavelength  independent  over  the  visible 
spectrum  and,  hence,  the  wavelength  dependence  of 
is  solely  due  to  the  dispersion  in  the  indexes  of  refraction. 
7  is  plotted,  in  Fig.  13,  as  a  function  of  wavelength  for 
steady-state  coupling  for  beams  at  normal  incidence.  For 
these  curves,  a  constant  value  for  N^g  was  used  as  deter¬ 
mined  from  two-beam  coupling  experiments  done  on 
crystals  #3  and  4.  This  wavelength  independent  behavior 
for  N^g  is  in  agreement  with  the  single  species  model  of 
Kukhtarev  et  al.  [30]  in  the  region  of  Np  >  N^.  The  data 
for  Fig.  13  was  extracted  from  curves  similar  to  those  in 
Fig.  12,  where  we  used  the  maximum  of  the  aj  =  90° 
curves  (steady-state  coupling)  for  each  wavelength.  In 


Fig  12  Plot  of  the  coupling  consuni  7  versus  a,  for  vanous  a,  (as  de 
fined  in  Fig  ID  (or  488  nm  extraordinary  polanzed  light  These  curves 
are  based  on  a  measured  effective  number  density  of  pholorefractive 
charges  =  7  x  10"  cm  ’  and  the  assumption  that  there  is  no  ele. 
tron-hole  competition  in  the  formation  of  the  space-charge  field,  i.e. .  R 
=  I  The  other  parameters  used  in  this  computation  are:  the  poling  factor 
F  I.  the  dielectnc  constants  t  ^  =  400  and  e.  =  1100.  the  index  of 
refraction  /Iq  =  2  40  and  n,  =  2  36.  and  the  electrooptic  coefficients 

ffnt*.  T.KU  1  *  ...  XX  V  in  ir  V  /n.  r  ...  fln  w  tn-  't  V  . 


from  Table  1.  r,,  =  55  x  10  V /m.  r,, 
=  224  X  10  ''  V/m 


'  V/m.  and  r,i 


WAVELENCjTH  (nm) 

Fig  13  Computed  coupling  coefficient  at  normal  incidence  Each  curve 
uses  the  material  parameters  of  Fig  12.  except  for  R  and  n  Curve  a  R 
=  I.  rtp  =  2  40,  n,  =  2  36  Curve  h  R  =  I.  n  =  n(X)  Curve  c  R  - 
0  5,  n  =  n(  X I  Curve  d  F  =  Ft  X ),  n  =  n(  X )  in  crystal  43  Curve  e. 
R  =  F(  X ).  n  -  n(  X )  in  crystal  44  For  curve  d.  the  poling  factor  used 
was  0.94  For  curves  d  and  e.  R  was  assumed  to  have  a  linear  wavelength 
dependence  through  measured  points 


curve  a,  R  and  n  are  held  constant,  thus  only  the  explicit 
I  /\^-dependence  is  evident.  Curves  b  and  c  show  the  de¬ 
pendence  of  7  on  X  when  the  measured  dispersion  in  the 
index  of  refraction  is  included  but  R  is  held  constant.  In 
curve  b,  R  =  \  and  in  curve  c,  R  =  0.5.  In  curves  d  and 
e.  the  dispersion  in  the  index  of  refraction,  as  well  as  a 


linear  relationship  for  the  competition  factor  are  consid¬ 
ered;  thus,  these  curves  represent  the  complete  wave¬ 
length  dependence  for  crystals  fi'3  and  4.  In  crystal  #4  the 
implicit  wavelength  dependence  almost  exactly  cancels 
the  explicit  wavelength  dependence  yielding  a  nearly  con¬ 
stant  coupling  coefficient. 

At  present,  there  are  several  possible  mechanisms  that 
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Fig.  14  The  natural  loganthm  of  the  phase-conjugate  reflectivity  versus 
absorption  coefficient  The  points  suggest  a  Beer's  law  relationship. 

=  Rf^e  '  where  R^  =  011  and  /  =  1  0  cm 


nearly  zero.  In  addition,  the  effective  charge  carrier  den¬ 
sity  and  the  electron-hole  competition  remain  fairly  con¬ 
stant  as  indicated  by  the  two-beam  coupling  measure¬ 
ments.  Notice,  however,  the  coupling  coefficient  ( Fig.  13, 
curve  d)  decreases  in  this  spectral  region  due  to  the  ex¬ 
plicit  wavelength  dependence  and  the  dispersion  in  the 
index  of  refraction. 

The  two-interaction  region  model  may  be  appropriate 
here  because  of  the  low  absorption.  This  model  predicts 
a  threshold  behavior  dependent  on  the  coupling  coeffi¬ 
cient.  Using  the  coupling  coefficient  for  crystal  #3,  the 
two-interaction  region  model  predicts  an  interaction  length 
between  3.3  and  4.0  mm  for  a  threshold  between  515  and 
633  nm.  These  interaction  lengths  are  not  unreasonable 
compared  to  the  crystal  dimension  of  6.5  mm. 

Conclusion 


1 


( 


can  lead  to  self-pumped  phase-conjugation.  In  particular, 
there  exists  a  resonator  model  [31],  [32]  and  a  four-wave 
mixing,  two-interaction  region  model  [29].  In  the  reso¬ 
nator  model,  the  magnitude  of  the  phase-conjugate  reflec¬ 
tivity  should  be  adversely  affected  if  the  crystal  surfaces 
which  do  not  form  the  loop  are  painted.  Another  feature 
of  this  model  is  that  the  phase-conjugate  beam  should  be 
frequency  shifted  relative  to  the  input  beam.  These  effects 
were  not  observed  in  any  of  our  SPPCM’s.  The  other 
model,  with  two-interaction  regions,  contains  a  loss  fac¬ 
tor  L.  which  is  the  fraction  of  intensity  lost  by  the  pump¬ 
ing  beam  as  it  propagates  from  one  interaction  region  to 
the  other.  A  loss  factor  greater  than  60  percent  is  required 
to  fit  our  experimental  data.  However,  if  we  assume  that 

IS  a  constant  as  a  function  of  wavelength,  then  this 
model  predicts  that  the  phase-conjugate  reflectivity  will 
vary  as  the  coupling  coefficient  which,  for  crystal  #3,  de¬ 
creased  with  wavelength.  As  seen  in  Fig.  10,  the  mea¬ 
sured  phase-conjugate  reflectivity  generally  increased  with 
wavelength  up  to  X  =  515  nm  for  the  pumping  geometry 
of  Fig.  11.  Therefore,  neither  the  two-interaction  region 
model  nor  the  resonator  model  is  appropnate  for  our  re¬ 
sults  in  the  blue-green  spectral  region. 

As  seen  in  Fig.  3,  absorption  is  significant  in  Ce-doped 
SBN:60  from  442  to  515  nm.  Therefore,  it  is  possible 
that  absorption  is  a  contributing  factor  to  the  phase-con¬ 
jugate  reflectivity  in  this  region.  Fig.  14.  a  plot  of  the 
natural  log  of  the  reflectivity  versus  absorption,  supports 
this  idea.  The  data  suggest  a  straight  line.  This  would  im¬ 
ply  a  simple  Beer’s  law  relationship  =  /?„  x  e*“') 
with  an  effective  length,  /  =  -1.0  cm.  and  an  absorption- 
independent  reflectivity  value.  =  ~  f  1  percent.  This 
length  is  consistent  with  the  crystal  dimensions  (6.5  mm 
cube).  The  two-interaction  region  model  may  have  failed 
in  this  spectral  region  because  it  neglects  absorption. 

On  the  other  hand,  as  the  wavelength  is  increased  to 
633  nm,  the  reflectivity  drops  to  zero  for  the  geometry  of 
Fig,  10.  This  would  suggest  a  threshold  somewhere  be¬ 
tween  515  and  633  nm.  This  behavior  cannot  be  explained 
by  absorption  which  decreases  in  this  spectral  region  to 


In  this  paper,  we  have  reported  on  the  experimental  de¬ 
termination,  for  cerium-doped  SBN :  60.  of  the  wave¬ 
length  dependence  of  our  self-pumped  phase-conjugate 
mirrors.  We  have  achieved  the  following  results  over  the 
visible  spectrum;  the  phase-conjugate  reflectivity  at  nor¬ 
mal  incidence  ranged  from  zero  to  seven  percent,  the 
electron-hole  competition  was  found  to  be  significant  and 
had  a  wavelength  dependence  in  one  sample  but  not  the 
other,  the  charge  carrier  density  was  -  7  x  lO'*  cm’' 
and  was  wavelength  independent,  and  the  absorption  coef¬ 
ficient  ranged  from  2  cm' '  at  the  smaller  wavelengths  to 
zero  at  longer  wavelengths.  Using  the  above  values,  we 
have  also  determined  a  wavelength-dependent  coupling 
coefficient. 

Absorption  can  be  directly  and  indirectly  related  to 
many  of  the  above  photorefractive  properties.  The  strong 
absorption  in  the  ultraviolet  is  mainly  responsible  for  the 
dispersion  in  the  index  of  refraction  and  does  not  directly 
contribute  to  the  photorefractive  process.  The  absorption 
in  the  visible  is  primarily  dependent  on  the  dopant  levels 
and  leads  to  the  value  of  N^ff.  This  factor  affects  the  value 
of  the  coupling  coefficient  and  therefore,  a  and  y  are  not 
independent.  Consequently,  absorption  plays  a  key  role 
in  phase  conjugation  and  other  photorefractive  processes 
such  as  two-beam  coupling,  beam  fanning,  etc. 

We  have  shown  a  relationship  between  absorption  and 
the  phase-conjugate  reflectivity  in  the  region  where  ab¬ 
sorption  is  significant.  If  the  crystals  are  doped  with  im¬ 
purities  having  significant  photoionization  cross  sections 
in  the  NIR  and  IR  regions,  self-pumped  phase  conjuga¬ 
tion  in  these  spectral  regions  may  be  possible.  By  con¬ 
trolling  the  dopant  concentrations  and  their  locations  in 
the  crystal  structure,  we  may  be  able  to  tailor  these  crys¬ 
tals  to  obtain  certain  desired  photorefractive  properties. 
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BSKNN  as  a  self-pumped  phase  conjugator 


Juan  Rodriguez,  Azad  Siahmakoun,  Gfegory  Salamo,  Mary  J.  Miller,  William  W.  Clark  III,  Gary  L.  Wood, 
Edward  J.  Sharp,  and  Ratnakar  R.  Neurgaonkar 


Self-pumping  has  been  observed  in  a  cerium-doped  Ba2_,Sr,Ki_,Na,NbsOi.s  (BSKNN  i  crystal  at  fourargon- 
ion  laser  wavelengths.  Phase-conjugate  reflectivities  as  high  as  SC'S  were  measured  with  response  times 
inversely  proportional  to  the  0.5  power  of  the  input  intensity.  The  response  time  for  beam  fanning  in  the 
crystal  was  determined  to  be  inversely  proportional  to  the  0.82  power  of  the  input  intensity 


I.  Introduction 

Many  different  nonlinear  phenomena  and  tech¬ 
niques  have  been  used  to  produce  phase-conjugate 
beams.*  Until  recently,  however,  only  barium  tita- 
nate-  (BaTiOa)  and  Ce-doped  strontium  barium  nio- 
bate^  (SBN)  have  been  successfully  demonstrated  as 
broadband  self-pumped  phase-conjugate  mirrors  us¬ 
ing  milliwatt  beams.  Self-pumped  phase  conjugation, 
as  reported  here,  is  completely  self-contained  and  re¬ 
quires  no  external  mirrors,®  ®  pumping  beams,"  or  ap¬ 
plied  electric  fields.  In  our  experiments,  the  incident 
beam  is  directed  into  a  crystal  corner  via  asymmetrical 
self-defocusing®  where  retroreflection  provides  the 
pump  beams  for  the  four-wave  mixing  process  and  the 
subsequent  phase  conjugate  build-up. 

Currently,  both  BaTiOt  and  SBN  crystals  are  lead¬ 
ing  candidates  for  applications  in  many  areas,  includ¬ 
ing  electrooptics,  photorefraction,  and  millimeter 
waves.  Both  of  the  above  crystals  are  tetragonal  at 
room  temperature  with  a  4-mm  point  group  symmetry; 
however,  BaTiOa  exhibits  a  strong  longitudinal  elec¬ 
trooptic  coefficient  (rsj)  while  tungsten-bronze 
SBN:60  exhibits  a  strong  transverse  electrooptic  coef¬ 
ficient  (raa).  At  this  point  in  time,  the  use  of  BaTiOs  is 
somewhat  limited  due  to  the  extreme  difficulty  in 
growing  doped  crystals  of  adequate  size  and  quality  for 
a  number  of  applications.  F or  this  reason,  Neurgaon- 
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kar  et  al.  introduced  the  tungsten -bronze  Bao-rSr^- 
Kl.^Na^Nb50l5(BSKNN)  solid  solution  system®  and 
has  since  grown  optical  quality,  twin-free,  doped  and 
undoped  BSKNN  crystals. 

Specifically,  Bai  5Sro.5Kii7.yNao.25Nb50i5  (BSKNN- 
1)  and  Bau.sSri.sKosNaosNbjOio  (BSKNN-2)  have 
been  grown  using  an  automatic,  diameter-controlled 
Czochralski  pulling  technique.  The  growth  of 
BSKNN- 1  crystals  is  much  more  difficult  than  that  of 
BSKNN-2  which  indicates  that  BSKNN-2  is  closer  to 
the  congruent  melting  composition  in  this  solid  solu¬ 
tion  system.  These  crystals  resemble  both  SBN  tmd 
BaTiO.i  in  many  respects,  i.e.,  point  group  symmetry, 
optical  properties,  and  ferroelectric  properties.  The 
electrooptic  effect  in  BSKNN-2  is  strongly  longitudi¬ 
nal  as  in  BaTiO:?. 

In  this  paper  we  confine  our  photorefractive  phase 
conjugation  experiments  to  the  BSKNN-2  composi¬ 
tion.  BSKNN-2  is  characterized  by  a  sharp  anomaly 
in  the  polar-axis  dielectric  constant  at  the  ferroelectric 
phase-transition  temperature  occurring  between  170 
and  178®C.  The  room  temperature  dielectric  con¬ 
stants,  (  =  170  and  t  =  750,  have  been  measured  for 
poled  samples  at  10  kHz.®  For  crystals  poled  to  a 
single  ferroelectric  domain,  the  dielectric  dispersion 
has  been  found  to  be  minimal  over  the  range  of  100  Hz 
to  100  kHz.® 

The  sign  of  the  electrooptic  coefficient,  raa,  has  been 
determined  to  be  positive  by  use  of  a  calibrated  com¬ 
pensator.  This  fact,  coupled  with  the  observation  that 
extraordinary  light  fans  toward  the  electrode  held  pos¬ 
itive  during  poling,  gives  a  negative  sign  for  the  photo- 
refractive  charge  carriers,  as  similarly  found  in  SBN. 
By  comparison,  the  charge  carriers  in  BaTiOa  are  posi¬ 
tive  and  extraordinary  light  fans  toward  the  negative 
poling  electrode.*®  The  transmission  spectra  for  our 
BSKNN-2  samples,  both  doped  and  undoped,  are 
shown  in  Fig.  1,  curves  a  and  6,  respectively. 
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Fig.  1.  Transmisskm  curves  for  tv^pical  doped  (curve  a)  and  un¬ 
doped  (curve  ill  samples  of  BSKNN.  These  cur\-es  were  recorded 
for  6  and  5  mm  thicknesses,  respectively,  and  have  not  been  correct¬ 
ed  for  Fresnel  losses. 
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Fig.  2.  Apparatus  used  in  the  measurement  of  phase -conjugate 
reflectivity  and  the  phase-conjugate  response  time.  In  this  diagram 
.\'2  is  a  polarization  rotator,  S.D.  is  a  neutral  density  filter,  B.5.  is  a 
beam  splitter,  .-I  is  an  aberrator.  H  is  the  angle  of  the  incident  beam 
with  respect  to  the  normal  of  thee  axis,  and  P.D.  1  and  2  are  matched 
photodiodes. 


In  this  paper  we  report  the  first  observation  of  self- 
pumping  in  the  photorefractive  crystal  barium  stron¬ 
tium  potassium  sodium  niobate  (BSKNN-2).  The 
phase-conjugate  reflectivities  measured  on  a  6  mm 
cube  of  BSKNN-2  are  comparable  with  those  previ¬ 
ously  reported  for  BaTi03  (Ref.  2)  and  SBN.^  “  ‘^  In 
addition  to  the  BSKNN  behavior  as  a  self-pumped 
phase  conjugator,  we  also  report  the  time  required  for 
the  onset  of  the  phase-conjugate  beam^^  and  the  time 
required  for  asymmetrical  self-defocusing  (beam  fan¬ 
ning).  Both  of  these  characteristic  times  were  mea¬ 
sured  as  a  function  of  pump  intensity. 

n.  Experimental  Arrangement  for  SeH-Pumping 
The  experimental  arrangement  used  for  the  self- 
pumped  phase-conjugate  reflectivity  measurements  is 
shown  in  Fig.  2.  The  laser  output  was  kept  in  a  single 
transverse  mode  although  several  longitudinal  modes 
were  oscillating.  A  polarization  rotation  device  was 
used  directly  at  the  output  of  the  laser  to  provide  the 
flexibility  of  either  ordinary  or  extraordinary  light. 
Extraordinary  polarized  light  was  used  to  write  grat¬ 
ings  while  ordinary  polarized  light  was  used  to  erase 
gratings.  This  was  necessary  since  the  observed  dark 
storage  time  in  these  BSKNN  crystals  was  at  least  a 
few  days.  The  beam  splitter  was  used  to  separate  the 
phase  conjugate  from  the  input,  as  well  as  split  off  a 
measured  fraction  of  the  input  for  normalization  of  the 


Wavelength 

(nm) 

Input  intensity 
at  the  crystal 
(w/cm^) 

Average 

reflectivitv 

(%) 

457.9 

0.19 

27.5 

476.5 

0.21 

18.0 

496.5 

0.24 

18.0 

514.5 

3.82 

16.5 

phase-conjugate  intensity.  The  input  beam  and  the 
phase-conjugate  beam  were  monitored  with  matching 
photodiodes.  The  experimental  measurements  were 
taken  using  four  spectral  lines  (see  Table  I)  subject  to 
the  stringent  requirement  of  high  laser  stability  in 
both  mode  structure  and  intensity.  The  unfocused 
beam  diameter  (1/e^  point)  was  ~2.1  mm  at  the  crystal 
face.  Neutral  density  filters  were  used  to  vary  the 
input  intensity  of  the  beam  from  several  W/cm^  to  a 
few  mW/cm^  and  to  limit  phase -conjugate  feedback 
into  the  argon  laser.  It  was  determined  that  neither 
the  input  intensity  nor  the  phase-conjugate  feedback 
affected  the  reflectivity  measurements  reported  here. 

HI.  Experimental  Results  for  Self-Pumping 

Although  self-pumping  was  observed  for  incident 
input  angles  between  6  =  ±45®  with  respect  to  the 
normal,  the  measurements  of  the  phase-conjugate  in¬ 
tensity  were  taken  as  a  function  of  wavelength  at  a 
constant  input  angle  ofd  =  +20°.  As  can  be  seen  from 
the  results  shown  in  Table  I,  the  phase-conjugate  re¬ 
flectivity  increases  as  the  wavelength  shifts  toward  the 
blue.  For  longer  wavelengths,  such  as  514.5  nm,  a 
much  larger  pump  power  was  required  to  initiate  self¬ 
pumping.  The  minimum  intensity  for  observing  a 
phase-conjugate  signal  was  determined  to  be  ~1{X) 
mW/cm-  for  the  457.9  nm  line  at  an  incident  angle  of  B 
=  +20°.  The  minimum  intensity  was  observed  to 
increase  nonlinearly  with  wavelength. 

When  the  crystal  was  self-pumping,  we  observed 
that  the  extraordinary  polarized  beam  entering  the 
crystal  was  fanned  into  a  corner  where  two  beams 
appeared  to  be  retroreflected  back  toward  the  incident 
beam.  Figure  3  is  a  photograph  showing  the  top  view 
of  a  Ce-doped  BSKNN-2  crystal  (lOX)  while  the  crys¬ 
tal  is  self-pumping.  The  crystal  is  in  air  and  being 
pumped  with  the  457.9  nm  line  of  the  argon-ion  laser. 
The  c  axis  of  the  crystal  is  directed  from  bottom  to  top 
and  the  incident  Gaussian  beam  is  extraordinary  po¬ 
larized  and  propagates  from  right  to  left  entering  the 
crystal  with  a  positive  angle  B  as  defined  in  Fig.  4.  The 
illuminated  portions  of  the  crystal  at  the  entrance  and 
exit  faces  are  due  to  light  scattered  from  the  natural 
facets  on  the  crystal  corners  parallel  to  the  crystal 
growth  direction  (c  axis)  which  remained  after  the 
entrance  and  exit  windows  were  cut  and  polished. 
The  unusually  large  separation  of  the  two  beams  form¬ 
ing  the  loop  is  due  to  the  chamfered  edge  of  the  crystal 
corner  containing  the  loop.  In  crystals  having  sharp 
edges  on  the  corners,  the  observed  separation  between 
the  beams  in  the  loop  is  much  less. 


1  May  1987  /  Vol  26.  No.  9  /  APPLIED  OPTICS 


1733 


40G0C 


Fig.  3.  Photograph  of  a  BSKNN-2  crystal  UOx)  taken  perpendicu¬ 
lar  to  the  c  axis  and  to  the  direction  of  propagation  while  the  crystal 
is  self-pumping  The  (  axis  of  the  crystal  is  directed  from  the 
bottom  to  the  top  and  the  extraordinary  polarized  beam  at  457.9  nm 
is  propagating  from  right  to  left,  entering  the  crystal  at  an  angle  ^  = 

,  The  angular  relationship  of  the  beams  within  the  crystal  shown 
in  this  photograph  is  sketched  in  Fig.  4. 


i 


C-A«S 


Fig  4.  Sketch  of  the  BSKNN  2  crystal  showing  the  angular  rela¬ 
tionship  of  the  beams  w.thin  the  crystal  while  it  is  self-pumping 
This  sketch  is  based  on  the  visual  absers  ai  of  the  location  of  the 
beams  in  the  photograph  of  Fig  3.  The  angular  relationship  be¬ 
tween  u>i  *  and  in  good  agreement  w  ith  the  computed  angular 

dependence  of  the  coupling  coefficient  *y  in  Fig  6 


That  the  backscattered  wave  was  in  fact  a  phase - 
conjugate  beam  was  verified  by  inserting  a  phase  aber- 
rator  in  the  beam  as  shown  in  Fig.  2.  The  beam’s 
spatial  characteristics  were  subsequently  monitored 
with  an  optical  multichannel  analyzer  (OMA).  Its 
profile  was  recorded  with  the  OMA  for  the  following 
conditions:  with  and  without  the  aberrator  at  position 
(a)  and  after  reversing  its  path  through  the  aberrator 
at  position  (b).  These  profiles  are  compared  in  Fig.  5. 
The  spatial  profile  of  the  beam  recorded  at  position  (b) 
is  that  of  a  Gaussian,  as  would  be  expected  of  a  true 
conjugate  beam.  In  addition,  it  should  be  noted  that 
the  beamwidth  at  the  1/e-  points  of  these  beams  is 
different.  This  is  due  to  the  fact  that  the  incident 
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Fig.  0.  Comparison  of  spatial  beams  profiles  to  verity  phase  conju¬ 
gation  in  cerium-doped  BSKNN--  where  (ol  is  the  aberrated  beam, 
(b)  is  the  input  beam,  and  (c)  is  the  phase-conjugate  beam.  The 
relative  peak  intensities  are  arbitrary. 


Fig,  6.  Coupling  constant  T  vs  a.  for  various  values  of  oi-  o;  is  the 
angle  formed  by  the  loop  direction  and  the  c  axis  and  oi  is  the  angle 
formed  by  the  input  beam  direction  and  the  c  axis.  BaTiOj  is 
represented  by  the  solid  lines  and  BSKNN  is  represented  by  the 
dashed  lines.  The  curves  are  for  45T.9-nm  radiation  and  are  based 
on  the  same  estimated  values  of  the  number  density  of  charges  .V  ^  2 
X  10’' cm-':  and  the  lollowing  values:  BaTiO.i:  <  =  106.  <_=  4300. 
n  =  2.488,  n,  =  2.424.  r„  =  33  X  lO'i-  m'N'.  r,;  =  820  x  10''-  mA', 
and  rx>  =  120  X  10-'-mA':BSK.NN  <  =  170.  f.  =  750,  n,.  =  2.35.  n,  = 
2  27.  ri3  =  50  X  10"'-  m  A',  =  820  x  10"'-  m  A',  and  rr,  =  200  X 

lO-’-mA'. 


Gaussian  beam  and  the  aberrated  beam  recorded  at 
position  (a)  are  diverging  beams,  while  the  phase-con¬ 
jugate  beam  recorded  at  position  (6)  is  a  converging 
beam. 

The  computed  coupling  coefficient  -y,  as  a  function 
of  the  angle  of  the  loop  with  respect  to  the  c  axis  (02)  for 
various  incident  angles  (aj),  is  shown  in  Fig.  6  for 
BaTiOs  (Ref.  2)  and  BSKNN,  where  (ai)  and  (02)  are 
defined  in  Fig.  4.  The  set  of  curves  for  BaTiOs  is  not 
identical  to  that  computed  by  Feinberg  in  Ref.  2  since 
we  use  457.9  nm  for  the  wavelength  and  more  recent 
values  of  the  tki  and  rss  electrooptic  coefficients.*^ 
The  newer  electrooptic  coefficients  produce  a  slight 
increase  in  the  coupling  strength  for  BaTiOa  as  the 
pumping  beam  approaches  normal  incidence.  The 
values  of  the  electrooptic  coefficients  and  dielectric 
constants  used  in  the  calculation  of  y  for  BSKNN  were 
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Fig.  7.  Phase-conjugateformation  time  vs  input  intensity,  t.  is  the 
time  required  for  the  phase-conjugate  reflectivity  to  reach  1/e  of  its 
equilibrium  value. 
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Fig.  S.  Apparatus  used  to  measure  the  beam  fanning  response  lime. 
In  this  diagram  vS.  is  a  shutter.  S.D.  is  a  neutral  density  filter.  .\  2  is  a 
polarization  rotator.  b.>.  is  a  beam  splitter,  and  P.D.  1  and  2  are 
photodiodes. 


extracted  from  Ref.  9.  These  calculations  indicate 
that  for  an  extraordinary  bejin  and  the  same  charge 
carrier  density,  the  coupling  within  BSKNN  is  approx¬ 
imately  a  factor  of  2  stronger  than  that  in  BaTiOa. 

IV.  Time  Response 

In  these  experiments,  we  measured  both  the  time 
required  for  the  initiation  of  the  phase-conjugate 
beam'^  and  the  time  required  for  beam  fanning  to 
reach  Ve  of  its  equilibrium  value.' All  these  mea¬ 
surements  were  taken  using  the  457.9  nm  line  of  the 
argon-ion  laser  because  of  increased  photorefractive 
sensitivity  to  that  wavelength,  as  illustrated  in  Table  I. 

The  same  apparatus  (Fig.  2)  used  to  obtain  the 
phase-conjugate  reflectivity  measurements  was  used 
to  obtain  the  phase-conjugate  formation  time.  These 
measurements  were  taken  at  an  angle  of  0  -  +10'*, 
using  the  457.9  nm  blue  line  of  the  argon  laser.  The 
phase-conjugate  formation  time  as  a  function  of  inten¬ 
sity  is  shown  in  Fig.  7.  The  points  represent  the  time 
required  for  the  phase-conjugate  reflectivity  to  reach 
1/e  of  its  final  value.  The  analyticsd  expression  repre¬ 
senting  the  best  fit  to  the  data  is  t,  =  125/“°  In  this 
expression  t,  is  in  seconds  while  I  is  given  in  W/cm^. 

The  experimental  arrangement  used  for  the  mea¬ 
surement  of  beam  fanning  response  time  is  shown  in 
Fig.  8.  In  this  experiment,  opening  the  shutter  caused 
detector  1  to  trigger  a  waveform  analyzer  that  moni¬ 
tored  and  stored  the  transient  response  seen  by  detec- 


Fig.  9.  Typical  trace  showing  the  nonexponentia)  decay  of  the 
intensity  of  the  transmitted  beam  due  to  beam  fanning. 
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Fig.  10.  Beam  tanning  response  time  r  vs  input  intensity  /  is  the 
time  required  for  the  transmitted  beam  to  decay  to  of  the  differ- 
viuv  i.etween  the  initial  and  final  intensity. 


tor  2,  The  output  from  detector  2  was  then  plotted 
using  a  chart  recorder.  A  typical  trace  is  shown  in  Fig. 
9.  As  seen  in  the  figure,  the  decay  of  the  transmitted 
beam  is  nonexponential  with  an  unusually  slow  start. 
The  response  time  was  chosen  as  the  time  for  the 
transmitted  beam  to  reach  %  of  the  difference  between 
the  initial  and  equilibrium  intensities.  The  incident 
input  angle  {0)  was  held  fixed  at  +10°  with  respect  to 
the  normal  during  these  measurements.  Figure  10 
shows  the  response  time  t  as  a  function  of  the  input 
intensity  I.  The  curve  fits  the  expression  t  = 
1.54/“®  *-,  where  t  is  in  seconds  and  I  is  in  W/cm^. 

V.  Conclusion 

In  summary,  we  have  observed  for  the  first  time  self¬ 
pumping  in  a  new  photorefractive  material,  BSKNN, 
and  have  also  reported  on  the  phase-conjugate  reflec¬ 
tivity  of  the  crystal  as  a  function  of  wavelength.  In 
addition,  we  have  determined  the  characteristic  re¬ 
sponse  times  of  the  crystal. 
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Sell -punipinc  in  ceriun^-doped  strontium  barium  nio{>aie  has  been  observed  with  phase-conjugate  reflect ivitie.- 
near  and  a  lormaiiun  lime  (»t  bsec  for  a  2(Ki-m\V/cm-  beam  at  442  nm.  The  time  response  for  asymmetrical  sell  - 
defocusing  wa-*  also  measured,  and  the  observed  transmissions  through  the  crystal  at  normal  incidence  were  limited 
l(>  about  ol  the  incident  radiatitm 


A  great  deal  of  attention  has  been  given  to  self- 
pumped  photorefractive  phase-conjugate  mirrors  for  a 
wide  variety  of  applications.'"''  These  mirrors  exhibit 
a  number  of  attractive  features,  including  high  reflec¬ 
tivity,  a  modest  wavelength  range  of  operation,  and 
only  milliwatt  beam-power  requirements  for  start-up. 
Self-pumped  phase  conjugation.^  as  reported  here,  op¬ 
erates  on  internal  reflection  and  is  completely  seif- 
conlained,  requiring  no  external  mirrors,^  pumping 
beams,*'  or  applied  electric  fields,  fhe  only  known 
demonstrations  of  self-pumping  using  internal  reflec¬ 
tion  have  been  in  BaTiOj,'*  ■  undoped  and  cerium- 
doped  strontium  barium  niobate  (SBN),*  and  cerium- 
doped  barium  strontium  poLissium  niobate  (BSKNN)."' 

In  this  Letter  we  report  c  n  self-pumped  phase  con¬ 
jugation  in  a  single  crystal  of  cerium-doped 
SrjBai-iNboOe,  x  =  0.7o  (SBN.75).  The  addition  of 
cerium  produces  a  broad  absorption  in  the  visible, 
which  enhances  the  photorefractive  effect  considera¬ 
bly  in  this  crystal."  The  0.05  wt.  %  cerium-doped 
SBN:75  crystal  used  in  this  study  was  an  approximate¬ 
ly  5  mm  X  5  mm  X  5  mm  cube,  poled  at  8  kV/cm  at  a 
temperature  well  above  the  Curie  temperature  of 
56®C.’''  SBN;75  is  tetragonal,  has  a  4-mm  point  group 
symmetry,  and  possesses  a  strong  transverse  electro¬ 
optic  coefficient,  rgs,  as  do  other  SBN  compositions. 
By  contrast,  BSKNN  and  BaTiO,-)  exhibit  a  strong 
longitudinal  electro-optic  coefficient,  r^i.  The  phase- 
conjugate  reflectivity  of  SBN;75  measured  at  442  nm 
is  similar  to  that  previously  reported  for  BaTiOs,' 
BSKNN,’**  and  SBN:60.*'®  In  addition  to  the  behav¬ 
ior  of  SBN:75  as  a  self-pumped  phase-conjugate  mir¬ 
ror,  we  also  report  on  the  time  required  for  the  onset  of 
the  phase-conjugate  beam'*  ’^  and  the  time  needed  to 
deamplify  the  beam  through  asymmetrical  self-defo- 
cusing  (beam  fanning).®'®'"  These  characteristic 
times  were  measured  as  a  function  of  the  pump  inten¬ 
sity  for  a  fixed  spot  size. 

The  phase-conjugate  reflectivity  and  response-time 


measurements  were  recorded  using  the  experimental 
arrangement  depicted  in  Fig,  1.  A  He-Cd  laser  pro¬ 
vided  an  extraordinary  polarized  beam  at  442  nm. 
The  incident  beam  was  2.5  mW,  with  a  1/e'-  beam 
diameter  of  1.8  mm  at  the  crystal.  Neutral-density 
filters  (ND’s)  were  used  to  vary  the  input  intensity  o: 
the  beam  from  200  mW/cm-  to  a  few  milliwatts  per 
square  centimeter.  The  beam  was  incident  upon  the 
crystal  at  an  angle  of  P  =  -50®  to  the  normal  of  the  r 
axis,  so  that  it  was  directed  toward  a  crystal  corner 
where  retroreflection  provided  feedback  for  the  four- 
wave  mixing  process  and  the  subsequent  phase-conju¬ 
gate  beam  buildup.  The  phase-conjugate  beam  inten¬ 
sity  was  determined  as  a  function  of  time  at  detector 
D1  (see  Fig.  2).  As  can  be  seen  from  the  data,  the 
temporal  buildup  of  the  phase-conjugate  intensity  for 
the  self-pumping  configuration  is  nonexponentid,  as 
would  be  expected  of  a  phenomenon  that  is  a  stimulat- 


0, 

Fig.  1.  Uiagram  of  the  experimental  apparatus  used  to 
measure  the  phase-conjugate  reflectivity  and  characteristic 
response  times  of  the  cerium-doped  SBN:75  crystal.  P, 
polarizer;  Ll,  L2,  lenses. 
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PHASE-CONJUGATE  REFLECTIVITY  (%) 


Fig.  2.  Typical  plot  of  phase-conjugate  reflectivity  for  ceri¬ 
um-doped  SBN:T5  as  a  function  jt  time  for  an  incident 
intensity  of  191  mW/cmL 

ed  effect  depending  on  feedback  and  arising  from 
noise. 

The  steady-state  phase-conjugate  reflectivity  for 
SBN:75  as  a  function  of  incident  intensity  is  presented 
in  Fig.  3.  The  data  indicate  that  the  phase-conjugate 
reflectivity  (R)  remains  constant  as  a  function  of  input 
intensities  above  values  of  ~100  mW/cm-;  however,, 
there  is  a  noticeable  falloff  in  R  for  input  intensities 
below  this  value.  One  exolanation  for  this  behavior  is 
that  the  dark  conductivity  becomes  insignificant  com¬ 
pared  with  the  total  photoconductivity  for  input  in¬ 
tensities  greater  than  100  mW/cm-.  This  results  in  a 
saturation  or  constant  value  of  the  crystal  diffraction 
efficiency.'*  This  explanation  is  consistent  with  the 
observed  response-time  and  beam-fanning  behavior 
described  below  and  with  a  similar  observation  in 
BaTiO;,.'® 

The  results  of  the  phase-conjugate  formation  time, 
or  initiation  time  (t,),  as  a  function  of  the  incident 
intensity  are  given  in  Fig.  4.  In  order  to  permit  a 
compeirison  of  this  response  time  with  those  of  other 
materials,  we  present  the  time  for  the  phase-conjugate 
beam  to  reach  the  90%  point  (curve  a)  and  the  e”' 
point  (curve  b)  of  the  steady-state  reflectivity.  The 
data  for  these  curves  show  a  departure  from  log-log 
linearity  for  input  beam  intensities  below  ~1(X)  mW/ 
cm-.  This  observation  is  consistent  with  the  assump¬ 
tion'*  that  the  equilibrium  diffraction  efficiency  of  the 
grating  formed  during  self-pumping  saturates  or  be¬ 
comes  constant  only  for  values  of  the  input  intensity 
above  100  mW/cm-.  The  response  times  at  the  higher 
intensities  are  compared  with  those  of  other  materials 
in  Table  1  for  similar  pumping  conditions.  Input  in¬ 
tensities  of  0.2  and  2  W/cm-  are  used  for  comparison. 

For  the  beam-fanning  measurements,  an  extraordi¬ 
nary  beam  from  the  He-Cd  laser  was  incident  upon 
the  crystal  normal  to  the  c  axis.  Radiation  from  the 
beam  fanned  toward  the  crystal  face  that  was  held 
positive  during  poling,  that  is,  in  a  direction  opposite 
the  c-axis  direction.-''  The  drop  in  power  through 
aperture  A3  (see  Fig.  1)  was  measured  by  detector  D3 


and  recorded  on  a  fast  storage  scope,  which  was  trig¬ 
gered  by  D2  after  a  shutter  (S)  was  opened.  The  final, 
steady-state  power  transmission  as  a  function  of  inci¬ 
dent  intensity  is  shown  in  Fig.  5.  The  data  show  a 
decrease  in  percent  transmission  with  increasing  input 
intensity.  This  observation  is  consistent  with  the  ar¬ 
gument  that  the  diffraction  efficiency  of  any  self-gen- 
erated  gratings  is  intensity  dependent  for  the  range  of 
input  intensities  used  in  our  experiment.  As  can  be 
seen,  the  final  transmission  was  less  than  3%  for  even 
the  weakest  beam  used  in  our  measurements.  This  is 
comparable  with  the  results  obtained  with  BaTiOa,  for 
which  a  higher  intensity  (~30  W/cm^)  was  used.'" 

The  intensity  dependence  of  the  time  response  for 
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Fig.  3.  Sieady-siate  phase-conjugate  refiectivity  of  cerium- 
doped  SBN';7.5  as  a  function  of  intensity  at  442  nm. 


INTENSITY  (W/cm*) 


Fig.  4.  Characteristic  response  times  of  cerium-doped 
S!  i  i:75  as  a  function  of  intensity.  Plots  a  and  b  are  the 
phase-conjugate  formation  times  measured  at  the  90%  point 
and  the  e"'  point,  respectively,  of  the  steady-state  reflectiv¬ 
ity.  Plots  c  and  d  are  beam-fanning  response  times  mea¬ 
sured  at  the  points  where  90  and  63.2%  (1  -  e"')  of  Tlinitial) 
-  Tl final!  is  diverted,  respectively  (where  T  is  the  transmis¬ 
sivity).  The  analytical  expressions  for  the  best  fit  of  this 
data  (straight  lines)  are  given  in  Table  1. 
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Table  1.  Time  Response  of  Self-Pumped  Photorefractivc  Materials 


Material 

Time(s)  versus  7  (W/cm-i 
Relationship 

Response  Time(s)  (W/cm-) 
0.2  2 

Wavelength 

(nmi 

Point  of 
Measurement 

Phase-conjugate  initiation  time 

Ce-SBN;75  t,  =  12.5 

32 

8.3'' 

442 

90'7 

Ce-SBN:75 

T,  =  2.6  7-“'^'' 

777 

1,6'' 

442 

BaTiO.^ 

r,  =  5  7-"' 

25‘ 

2.5'’ 

514.5 

90"! 

Ce-BSKNN'- 

T;  =  125  7-""" 

279 

88 

457.9 

e"* 

Beam-fanning  response  time 
Ce-SBN;75 

T=  1.31-"* 

7.2 

0.6'’ 

442 

90G 

Ce-SBN;75 

r  =  0.47  7-"  "" 

2.0 

0.25'’ 

442 

e~'‘ 

Ce-SBN:60' 

T  =  0.11  7-‘ ' 

0.6 

O.Oo'- 

442 

€'^ 

BaTiO  2 

r=  1.17-"»‘ 

4.8'^ 

0.6' 

488 

90G 

Ce-BSKN\ 

T  =  1.54  I-^*- 

5.8 

0.9 

457.9 

e"' 

“All  data  are  for  self-pumpinp  via  internal  reflection  except  the  initiation  time  for  BaTiO,.  which  is  for  a  ring-passive  phase-conjugate 
mirror. 

^  Extrapolated  data 
'  Ref.  19 
°  Ref.  10 
'  Ref.  8. 
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Fig  5.  Tht  transmission  through  a  SB.N:7.t  crystal  as  a 
tunction  of  the  incident  intensity  tor  steady-state  beam  fan¬ 
ning 

beam  fanning  is  plotted  in  Fig.  4.  The  data  indicate 
that  the  slope  of  the  time-versus-intensity  curves  for 
beam  fanning  is  not  the  same  as  the  corresponding 
slope  for  self-pumping.  This  observation  is  consistent 
with  earlier  arguments  regarding  the  saturation  of  the 
grating  diffraction  efficiency.  That  is,  the  input  beam 
intensity  for  which  saturation  occurs  would  be  expect¬ 
ed  to  be  lower  for  the  self-pumping  configuration  than 
for  the  beam-fanning  configuration  because  of  the  no¬ 
ticeably  higher  intensities  that  form  in  the  corner  loop 
during  self-pumping.  The  beam-fanning  response 
times  are  compared  in  Table  1  with  those  of  other 
materials  for  two  different  intensities. 

In  summary,  we  report  on  the  beam-fanning  proper¬ 
ties  of  SBN:75  and  its  behavior  as  a  self-pumped 
phase-conjugate  mirror.  In  addition,  we  report  on  the 
measured  time  response  for  these  effects  and  compare 
the  results  with  those  obtained  in  other  photorefrac- 
tive  crystals  for  similar  pumping  conditions  and  inten¬ 
sities. 


References 

1.  -J.  Feinberg.  Optica!  Phase  Cvnjueatiiin.  R.  .A.  Fisher, 
ed.  (Academic.  New  York,  19831.  p.  417. 

2.  G.  C.  Valley  and  M.  B.  Klein.  Opt.  Eng.  22.  704  (19831. 

3.  S.  Slernklar.  S.  Weiss.  M.  Segev.  and  B.  Fischer.  Opt. 
Lett.  11,528(1986). 

4.  J.  Feinberg.  Opt.  Lett.  7,486  (19S2I. 

5.  .1  O  White.  .M.  Cronin-Golomb.  B.  Fischer,  and  -A. 
Variv.  Appl.  Phys.  Lett.  40,  450  1 1982i. 

6.  J.  Feinberg  and  R  W.  Hellwarth.  Opt.  Lett.  5,  519 
(198(0. 

7.  F.  C.  Jahoda.  P.  G.  Weber,  and  J.  Feinberg.  Opt.  Lett.  9, 
362  (19841, 

8.  G,  Salamc.  M.  J.  Miller.  W.  W.  Clark  Ill.  G.  L.  Wood, 
and  E.  J.  Sharp,  Opt.  Commun.  59.  417  ( 1986). 

9.  E.  J.  Sharp,  M.  J.  Miller.  G.  L.  Wood,  W.  W.  Clark  HI.  G. 
J.  Salamo,  and  R.  R.  Neurgaonkar.  Ferroelectrics 
Suppl..  Proceedings  of  Sixth  IEEE  International  Sym¬ 
posium  on  Applications  of  Ferroelectrics  (1986).  p.  51. 

10.  J.  Rodriguez.  A.  Siahmakoun,  G,  J.  Salamo,  M.  J.  Miller. 
W.  W.  Clark  Ill,  G.  L.  Wood.  E.  J.  Sharp,  and  R.  R. 
Neurgaonkar.  "Self-pumped  phase  conjugation  in  pho- 
torefractive  Ba_-,Sr,Ki-,N'a  Nb.Oi;,."  submitted  to 
.Appl.  Opt. 

1 1.  K.  Megumi.  H.  Kozuka,  M.  Kobavashi.  and  Y.  Furuhata. 
Appl.  Phys.  Lett.  30,631  (19771. 

12.  G.  Rakuljic.  A.  Yariv.and  R.  Neurgaonkar.  Opt.  Eng.  25, 
1212  (1986). 

13.  R.  R.  Neurgaonkar  and  W.  K.  Corv.  J.  Opt.  Soc.  Am.  3, 
274  (1986). 

14.  B.  T.  Anderson.  P.  R.  Foreman,  and  F.  C.  Jahoda.  Opt 
Lett.  10,627  (1985). 

15.  D.  Peppei,  Appl.  Phys.  Lett.  49,  1001  (1986). 

16.  J.  Feinberg.  J.  Opt.  Soc.  Am.  72,  46  (1982). 

17.  M.  Cronin-Golomb  and  -A.  Yariv,  J.  Appl.  Phys.  57, 4906 
(1985). 

18.  P.  Gunter.  Phys.  Rep,  93, 199  (1982). 

19.  M,  Cronin-Golomb.  K.  Y.  Lau.and  .A.  Yariv.  Appl.  Phys. 
Lett.  47,  567  (1985). 

20.  We  determined  that  the  sign  of  the  electro-optic  coeffi¬ 
cient.  r,,.  is  positive  by  the  use  of  a  calibrated  compensa¬ 
tor.  This  fact,  coupled  with  the  observation  that  ex¬ 
traordinary  light  fans  toward  the  electrode  held  positive 
during  poling,  gives  a  negative  sign  for  the  photorefrac- 
tive  charge  carriers. 


Rockwell  International 

Science  Center 


SC5441.FTR 


FERROELECTRIC  PROPERTIES  OF  La-MODIFIED  SBN;60  SINGLE  CRYSTALS 


178 

C9976TA/jbs 


Journal  of  Cr\Mai  Growth  8^^  (1988)  46?-4'’0 
Norih-Holland.  Amsterdam 


4<.  • 


FERROELECTRIC  PROPERTIES  OF  LANTR4NUM-MODIFIED  Sro6Bao4Nb,0^ 

SINGLE  CRYSTALS 

R.R  NEURGAONJCAR.  J.R.  OLIVER  and  W.K,  COR'i' 

Rockwell  International  Scient:e  Cemer.  Thousand  Oaks,  Cali/ornia  91360.  USA 

and 

L.E.  CROSS 

.klalenals  Research  Laburatort.  The  Pennsylvania  State  Lnit  erstt}.  i'nii  ersity  Park.  Pennsyh  araa  J6Sl)3.  i  .SA 
Received  20  October  1982.  manuscript  received  in  final  form  22  Januarv  19S8 

The  role  of  La'"  in  tungsten  brorue  Sr„f Ba^,4Nb;0,  (SBN  60)  ferroeleclnc  crvsials  has  been  studied  with  respect  to 
Czochralski  crvstal  growth  parameters  and  fundamental  ferroelectric  properties  Direct  subsliluiion  of  La’"  for  Sr  -  ‘  or  Ba-*  results 
in  a  significant  decrease  of  the  ferroeleclnc  pha,ve  transition  temperature  and.  consecjuentl.v.  dramatic  increases  in  the  room 
temperature  dielecinc  constant  and  pyroelectnc  coefficient  along  the  polar  axis  Although  La-modified  SBN  60  is  more  difficult  to 
grow.  It  was  possible  to  grow  defect-free  crvstal  boules  up  to  2  cm  diameter  with  optical  quality,  slnation-free  crvsials  found  for 
lanthanum  modifications  up  to  1.0  mol'? 


I.  Introduction 

Tungsten  bronze  solid  solution  crsstals  such  as 
Sr, ,  ,Ba,Nb;0,,  (SBN).  either  doped  or  undoped, 
have  proven  to  be  excellent  materials  for  various 
applications  such  as  guided  wave  optics  [1].  photo- 
refractive  [2-7).  millimeter  wave  (8-10)  and  pyro¬ 
electnc  [11.12]  device  applications.  Tetragonal 
(4mm)  bronze  crystals,  such  as  SBN.  exhibit  excel¬ 
lent  transverse  ferroelectric  and  optical  properties 
in  contrast  to  perovskite  BaTiO,  crystals  which 
show  strong  longitudinal  optical  properties.  Fig.  1 
shows  the  classification  of  the  various  types  of 
tungsten  bronze  crystals  based  on  their  crystal 
structure  and  ferroelectric  and  optical  properties. 
Included  among  these  are  important  bronzes  such 
as  SBN,  BSKNN.  KLN,  SK.N,  morphotropic  PBN, 
SNN  and  SCNN  [13,14]  all  of  which  have  poten¬ 
tial  utiUty  in  millimeter  wave  and  optical  applica¬ 
tions,  although  high-quality  crystal  growth  has 
proven  to  be  difficult  in  some  instances. 

The  present  paper  focused  on  modified  ver¬ 
sions  of  the  congruently  melting  (15]  Sro^Ba^j 


Nb;Of  (SBN:  60)  crystal  composition  with  La’" 
substituting  for  Sr*'  or  Ba-'  in  the  crystal  lattice. 
Prev  ious  work  by  Liu  and  Maciolek  [11]  has  shown 
that  rare-earth-modified  Sr^,  .Ba  q  vN  b,Of, 
(SBN  :  50)  results  in  a  lowered  ferroelectric  phase 
transition  temperature  and  thereby  improved  py¬ 
roelectric  properties.  However.  SBN  :  50  is  an  in- 
congruently  melting  bronze  composition  which  is 
difficult  to  grow  in  bulk  single  crystal  form,  par¬ 
ticularly  with  good  optical  quality  .  SBN  ;  60.  on 
the  other  hand,  can  be  grown  with  excellent  opti¬ 
cal  quahty  [14]  and  therefore  presents  the  oppor¬ 
tunity  to  grow  modified  crystals  of  comparable 
high  quahty  for  potential  millimeter  wave,  optical 
and  pyroelectric  appheations. 

2.  Experimental 

2.1.  The  SBN  .■  60-M  ’  NbO^  system 

Modified  forms  of  SBN  were  initially  studied 
using  sintered  ceramic  samples.  For  convenience. 
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niv'difioatioii'  of  the  composition  SBN  :  50  were 
examined  because  cif  its  higher  phase  transition 
temperature  (-120  versus  75°C  for  SBN:60) 
Reagent  grade  BaCO,.  SrCO,.  Nb;0<.  and  La^O, 
or  Y,0,  oxide  powders  were  used  for  these 
ceramics,  with  the  thoroughly  mixed  matenal> 
calcined  at  1000  °C,  ball-milled  in  acetone,  and 
then  cold-pressed  and  sintered  at  1350°C  for  4  h 
Rare  earth  modifications  of  Sro75Ba,i;^Nb-0(, 
(SBN:  75)  and  SBN;  60  ceramic  compositions 
were  aLso  checked  for  solid  solubility  and  struc¬ 
ture  using  X-ray  diffraction  measurements. 

Since  lanthanum  and  yttrium  exist  in  trivalent 
states,  modifications  of  SBN  :  50  were  attempted 
in  the  following  manner: 

(1)  Sro,_,M:*Bao5Nb20,,,. 

(2)  Stf, ,  _  j  ^  La  2  jDj  BaQ  jNbjO^ . 

M  =  LaorY, 

where  □  represents  a  lattice  site  vacancy. 


Hquiialeni  substitution^  for  B.r  ‘  were  also  ex¬ 
amined  The  phase  diagram  for  La-modification  is 
illustrated  in  fig  2:  X-ra>  anaKsis  showed  that  the 

L«S:  Si 
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‘  4^'C  6 
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’  It 
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StNb^Oe  SBN  7B  SBN  60  SBN  SO  SBN  25  6aNb20e 

Fig  2  Temao  phase  diagram  for  the  BaNhsO^ -SrNb^O^ - 
LaNb04  solid  solution  system. 
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CATION  SUBSTITUTION  i'. 


{  1^  •  Ks'or.'  tcmperaiurc  dicioviru  cori'Ujr.*  i '  r  Lj-m<Hiifievj 
SHN  5''cerjni;.' 


s.'luh  '  t\  lim'.t  fiT  nK'dil'iv-.itK'n-'  of  SBN  is 
up\'..irds  ot  2o  moTf 

[  1^  shows  the  roi'm  temperature  dielectrie 
constant  at  1  kH/  for  two  tvpcs  of  SBN  :  5(.i 
ceramic  mi'dificaiions  usine  La":  similar  results 
were  obtained  fs>r  "  mi>difications.  Onlv  the 
tspe  Sr,,<  ,  La  ,  Ba  .Nb-O,  .  ,  modilication  re¬ 
sulted  m  significant  changes  in  the  dielectric  cxui- 
siant  with  increasing  La"  or  "  substitution, 
this  being  a  consequence  of  a  lower  ferroelectric 
pha  sc  transiiK'n  temperature  Equivalent  results 
were  also  obtained  with  rare  earth  substitutions 
for  Ba  '.  Hence.  onl\  tspe  1  modifications  were 
used  in  subsequent  crsstal  growth  wxsrk  with 
SBN  :  60.  Since  Sr  "  and  La'"  have  similar  ca¬ 
tionic  sizes.  Czochralski  crvstal  growth  was  at¬ 
tempted  for  La-modified  SBN  :  60  to  avoid  poten¬ 
tial  growth  problems  which  might  arise  from  dis- 
.simiiar  size  cations  in  the  same  crvslalkrgraphic 
site, 

2  2  GroH  ih  of  La-modifu’J  SB\  60  single  onstaO 

Because  of  extensive  prior  expenence  in  the 
Czochralski  crvstal  grow  th  of  congruentlv  melting 


SBN  :  60  (16).  the  grow  th  of  La-modified  SBN  :  60 
proceeded  without  undue  difficultv.  .A  Sr,.*  ,La, 
Ba(|jNb;0^  substitution  of  La’’  for  Sr*'  was 
used  (type  1  modification),  with  concentrations 
varying  from  0.5  to  2.0  molfc.  High  punty  starting 
materials  w’ere  used  exclusively  for  these  growths 
with  the  calcined  materials  thoroughly  ball-milled 
in  acetone  prior  to  melting  in  a  5  rm  diameter.  5 
cm  height  platinum  crucible.  All  crystal  growths 
were  performed  in  an  RF  induction  heated  fur¬ 
nace  operating  at  370  kHz. 

The  incorporation  of  La’*  in  the  SBN  crystal 
lattice  did  not  cause  major  changes  in  the  growth 
conditions.  Czochralski  growth  was  performed 
along  the  c-axis  ((001))  using  an  automatic  diam¬ 
eter  control  system  (proven  mandatory  for 
hjgh-quality  tungsten  bronze  crystal  growth)  and 
an  after-heater  geometry.  Initially,  c-axis  SBN  :  60 
crystal  seeds  were  used  until  La-modified  crystals 
became  adequate  for  use  in  subsequent  growths. 
Bulk  fracture  was  an  early  problem  in  these 
growths,  probably  as  a  result  of  the  multiple  site 
preference  of  La'"  in  the  15-.  12-  and  9-fold 
coordinated  oxygen  octahedra  sues  of  the  SBN 
lattice.  This  problem  was  overcome  in  part  by 
maintaining  strictly  constant  cooling  rates  after 
crystal  growth 

Fig  4  shows  examples  of  unmodified  and  La- 
modified  SBN  :  60  crvstal  boules.  Modified  crystals 
were  successfully  grown  up  to  2  cm  in  diameter.  A 
striking  feature  of  these  cry  stals,  common  to  other 
tungsten  bronzes,  is  the  presence  of  large  natural 
facets.  La-modified  SBN  :  60  bciules  grow  w  ith  24 
natural  facets,  similar  to  unmodified  crystals,  with 
the  crystal  cross-section  becoming  more  rectangu¬ 
lar  with  increasing  lanthanum  modification  and 
featuring  large  (100)  and  (010)  facets,  as  seen  in 
fig.  4.  \  rectangular  growth  habit  is  not  uncom¬ 
mon  to  crystals  in  the  tungsten  bronze  familv;  for 
example,  larger  unit  cell  bronzes  such  as 
Ba;_,Sr,K,_,Na.Nb,0,.  (BSKNN)  and  KLN 
typically  grow  in  a  rectangular  shape  with  S 
well-defined  facets  [14].  What  is  unusual  about 
La-modified  SBN  :  60  crystals  is  that  the  crv  stal 
unit  cell  does  not  change  markedly  with  increasing 
lanthanum  content;  for  example,  a  1.0  mol't  La- 
modified  crystal  has  unit  cell  dimensions  of  c  =  6 
=  12.466  A,  3,930  k  compared  to  a  =  b  = 
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Fig  4  La-modified  ilefu  and  unmodified  (nght)  SBN:60 
cr>>iai  tioule.'  grown  b>  ihe  Czochralski  technique.  Marker 
represent  2  cm 


12  465  A,  f  =  3.935  ,A  for  unmodified  SBN  :  60. 
Hence,  the  gradual  change  in  growth  habit  from  a 
circular  to  a  more  rectangular  shape  with  La  mod¬ 
ification  ma>  he  a  -esult  of  the  partial  occupancy 
of  the  otherwise  t.nptv  9-fold  coordinated  lattice 
site 


Table  1  summarizes  the  major  crystal  growth 
parameters  and  physical  properties  of  these 
crystals.  Crystal  growth  beyond  2  mol*?  modifica¬ 
tion  was  not  attempted  since  we  wished  to  main¬ 
tain  a  ferroelectnc  phase  at  room  temperature. 
Furthermore,  the  more  heavily  modified  composi¬ 
tions  showed  major  optical  striations  and  were 
very  difficult  to  grow.  Nevertheless,  it  would  be 
interesting  to  examine  crystals  with  heavier  La 
modifications  since  such  paraelectric  (4/mmm) 
crystals  should  have  large  quadratic  electro-optical 
and  possibly  large  electrostrictive  properties. 

2. 3.  Ferroelectric  properties 

The  polar  c-axis  dielectric  properties  for  a  poled. 
1  mol5  La-modified  SBN  :  60  crystal  are  shown  as 
a  function  of  temperature  in  fig.  5.  Like  un¬ 
modified  SBN  crystals,  the  polar  axis  dielectric 
constant  is  charactenzed  by  a  large  dielectnc 
anomaly  at  the  ferroelectric  phase  transition  tem¬ 
perature  (Curie  point),  above  which  the  dielectric 
constant  follows  a  Curie- Weiss  law. 

<„  =  C,(7--©,).  (1) 

where  Ci  =  4.3  x  10“  and  0,  =  38° C.  The  Curie 
constant.  C,.  remains  remarkably  unchanged  with 
La  substitution  up  to  2  mol5.  with  the  only  change 
occurring  in  the  Cune  temperature.  ©,.  which  is 
75  °C  in  unmodified  SBN:  60.  The  drop  in  ©, 
with  La  substitution  is  nearly  at  approximately 
36°C/mol5.  so  that  for  a  1.5  mol?  substitution. 
0,  occurs  at  room  temperature. 

As  evident  in  fig.  5.  SBN  :  60/La  shows  a  strong 
frequency  dependence  for  the  polar  axis  dielectric 


Tabic  1 

Growth  conditions  and  propenies  for  pure  and  La’*  modified  SNB:60  crvstals 


SBN  60 

SBN:  60/ La 
(1  mol't  La) 

SBN  : 60 /La 
(1.5  moll  La) 

CrNsial  svmm€mv  ai  20 

4mm 

4mm 

4mm 

Growth  temperature  ( '’Ci 

1480°C 

1480  "C 

1475°C 

Pulling  rate  (mm /hi 

10 

9 

Interface 

Smooth  and  flat 

Rough  but  nearlv  flat 

Rough  and  concave 

Qualjt\ 

Oplical 

Optical 

Weak  striaiions 

Growth  habit 

Circular 

Near-circular 

Squarish 

Number  of  facets 

24  Facets 

24  Facets.  (100)  prominent 

24  Facets  (100)  promineni 

Color 

Pale  cream 

Pale  cream 

Pale  cream 
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T£MP£fiATUP£  C 

Fig  5  Polar  axJ^  diele^-inc  constant  for  a  poled.  1.0  mol^ 
La-nivxlified  SBN  6('  cr>j.ial  at  10(*  Hz  (upper  cur\e>.  1.0  kHz 
10  kHz  and  100  kHz  (lower  cune) 


constant  near  the  phase  transition.  Because  of  thi^ 
relaxor  behavior,  the  temperature  of  the  dielectric 
maximum.  T^.  varies  with  frequency  from  34  to 
42^  C  oxer  a  100  Hz  to  100  kHz  range,  for  a  1 
mol'x  La  substitution,  so  that  the  specification  of 
loses  some  of  its  meamng.  Relaxor  behavior 
has  also  been  found  in  unmodified  SBN  :  60  (10] 
but  the  effects  are  much  less  pronounced  than 
those  in  fig.  5.  This  behavior  in  SBN  ;  60  is  felt  to 
arise  from  the  lattice  site  uncertainty  of  the  Sr'' 
and  Ba'  '  ions  between  the  15-  and  12-fold  coordi¬ 
nated  oxygen  octahedral  sites  of  the  partially 
empty  lattice,  leading  to  a  distribution  of  phase 
transition  temperatures  in  the  crystal  bulk.  In  the 
present  case  of  La  substitution,  this  site  un- 
certaintv  extends  to  the  9-fold  coordinated  site  as 
well,  so  that  more  pronounced  relaxor  effects 
would  be  expected. 

Because  of  the  lowered  phase  transition  tem¬ 
perature  and  increased  relaxor  effects,  the  room 
temperature  polar  axis  dielectric  constant  for  1 
mol?  La-substituted  SBN :  60  is  very^  large  at 
9600-7000,  depending  on  frequency.  These  values 
are  roughly  an  order  of  magnitude  large  than  the 
nearly  dispersionless  value  of  920  for  unmodified 
crystals  The  corresponding  room  temperature  di¬ 
electric  loss  tangent  varies  from  0.01  to  0.07  in 
poled  crystals,  about  a  factor  of  five  greater  than 
for  unmodified  SBN: 60  but  still  reasonable  in 
light  of  the  close  proximity  of  the  phase  transition 


temperature.  For  1.5  mol?  La  substitution,  the 
relaxor  effects  become  very  pronounced,  with  tj, 
=  36000-21000  and  tan  S  =  0.05-0.28. 

Crystal  poling  was  found  to  be  straightforward, 
with  a  5  kV/cm  DC  poling  field  being  sufficient 
the  pole  the  crystals  at  room  temperature  to  a 
single  ferroelectric  domain.  No  advantages  were 
found  by  poling  from  the  phase  transition  temper¬ 
ature  down  to  room  temperature.  The  coercive 
field  necessary  to  initiate  ferroelectric  domain  re¬ 
versal  at  room  temperature  was  relatively  low  at 
1-2  kV/cm.  a  factor  for  consideration  in  potential 
device  application.^. 

The  nonpolar  a-axis  dielectric  constant,  t,,.  for 
a  1  mol?  La-modified  SBN  :  60  crystal  is  shown 
as  a  function  of  temperature  in  fig.  6.  The  dielec¬ 
tric  anomaly  near  40  °C  is  typical  of  SBN  :  60 
crystals  and  arises  from  the  onset  of  nonzero 
spontaneous  polarization  along  the  c-axis  [14].  As 
a  result,  some  frequency  dispersion  is  observed 
near  the  peak,  but  the  effect  is  generally  minimal. 
The  o-axis  constant  follows  a  Curie-Weiss  law 
above  the  phase  transition  temperature  with  C,  = 
2.1  X  Ui'  and  6,  =  —  205  ^  2u'  o .  As  in  the  t-axjs 
case.  C,  is  essentially  the  same  as  for  unmodified 
SBN  :  60.  with  only  0,  varying  downward  from 
-245°C  with  increasing  La  substitution.  .At  room 
temperature.  0  =  640  for  1  mol?  La  modification, 
increasing  to  700  for  1.5  mol?  crystals.  The  corre¬ 
sponding  dielectric  loss  tangents  are  low  (0.012  or 
less)  and  are  nearly  independent  of  frequency  . 

1000  — - - - - - - - - — - - - - — ' — ‘ 


800- 


-200  '^00  0  100  200  300 


TEMKfUTUM  («Ci 

Fig.  6.  Nonpolar  o-axis  diclecihc  constant  for  1.0  mol^  La* 
modified  SBN: 60  at  10  kHz.  Data  at  other  frequencies  are 
substantially  the  same 
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TEMPeftATURE  C 

Fjg  "  Polarw.aiK’n  P^.  and  the  pyroelecinc  coefliwicr.i  p.  ft*r 
lOmol^  La-modified  SBN  6" 

The  net  spontaneou>  polanzation  along  the  t- 
axis.  Py.  was  measured  b\  integrating  the  charge 


released  during  warming  at  a  uniform  rate 
(2°C/min)  under  zero  bias  conditions  [12].  The 
resulI^  for  1  molfc  La  substituted  SBN:60  are 
shown  in  fig.  7  along  with  the  pyroelectric  coeffi¬ 
cient.  p=  —dPy/dT.  As  in  the  case  for  the  di¬ 
electric  properties,  the  polarization  and  the  pyro¬ 
electric  coefficient  behave  in  a  manner  similar  to 
that  for  unmodified  SBN  ;  60.  diffenng  only  in  an 
overall  temperature  shift  of  the  characteristics  due 
to  the  change  in  0,  and  a  slight  broadening  of  the 
pyroelectric  peak  near  the  phase  transition.  The 
pyroelectric  maximum  occurs  at  27  °C.  11  °C  be¬ 
low  0,.  compared  to  the  8°C  separation  typical 
of  unmodified  SBN  :  60  crystals;  this  downward 
shift  from  0,  is  a  consequence  of  the  diffuse 
nature  of  the  ferroelectric  transition. 

The  room  temperature  values  of  the  sponta¬ 
neous  polarization  and  the  pyroelectnc  coefficient 
are  summarized  in  table  2  along  with  other  ferro¬ 
electric  data  for  unmodified.  1  mol't  and  1.5 
mol^  La-modified  SBN  :  60  crystals.  The  changes 
in  these  parameters  with  composition,  as  well  as 
the  changes  in  the  dielectric  properties,  are  essen¬ 
tially  reflections  of  the  changes  in  the  Curie  tem¬ 
perature.  For  example,  in  the  particular  case  of  1.5 
mol 7  La  modification,  the  very  lovt  polarization 
and  large  t,,  are  due  to  the  occurrence  of  the 
phase  transition  close  to  room  temperature;  conse¬ 
quently.  these  parameters  are  also  extremely  sensi¬ 
tive  to  small  temperature  changes. 


Tabic  2 

FerryKrlcctnca!  prviperiio  •' 


SBN  Ml 

SBN  ;  60  Ld 
( 1 ,0  molH  La  i 

SBN  60  L  j 
(1.5  mol'i  L.1 

Cune  point.  ^  i 

‘Cl 

7.^-Vt 

.t4-4; 

17-28 

e,('ci 

7n 

38 

:: 

C,  (“Cl 

4  1  xlO- 

4,3x  to' 

4.3x10' 

61,  (°C) 

-  245  *  20 

-  265  ±  20  ^ 

-275*2"° 

C,  ('’Cl 

2 04 X  Id' 

2.1  X  to' 

2.1  X  to' 

<  (at  1  kHz) 

920 

8800 

.70,0(81 

<11  (at  1  kHz ) 

485 

640 

70(1 

7",  iMC/cm’) 

28  5 

21  1 

34 

p  (pC/cnr  °  C) 

0  097 

o 

rj' 

t  j 

0.9!^ 

E*0  coefficient,  r, 

c’(10  ' 

•  m  /  V) 

460 

329(1 

18(Ki 

*’  All  values  arc  at  20  ®C.  unless  othersMse  indicated 
Over  range  100  Hz  to  100  kHz 


Calculated  values  (see  text) 
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3.  Discussion 

It  is  worthwhile  to  examine  the  potential  utility 
of  La-modified  SBN  :  60  crystals  in  potential  de¬ 
vice  applications.  For  pyroelectric  detector  consid¬ 
erations.  the  decrease  of  the  phase  transition 
temperature  with  La-modification  crystal  neces¬ 
sarily  increases  both  the  polar  a.xis  dielectric  con¬ 
stant  and  the  pyroelectnc  coefficient  at  room  tem¬ 
perature,  as  shown  in  table  2.  so  that  the  longitu¬ 
dinal  pyroelectric  device  figure-of-merit. 
actuallv  declines  with  increasing  La  substitution. 
However,  in  transver.se  pyroelectric  detector  con¬ 
figurations  where  a  low  detector  impedance  (high 
capacitance)  is  desirable.  La-modified  SBN' :  60  is 
clearly  superior  to  unmodified  SBN  :  60  because  of 
the  higher  dielectric  constant  and  pyroelectric 
coefficient  available 

The  large  increase  in  the  room  temperature 
dielectric  constant  over  unmodified  SBN; 60  is 
al.so  significant  for  electro-optical  or  nonlinear 
optica!  applications  From  the  phenomenology  de¬ 
veloped  for  tetragonal  tungsten  bronze  ferroelec- 
trics  1 17),  the  linear  electrs'-optic  cMefficient.  r,..  is 
given  by 

r.,  =  ...  (2) 

where  g-,-.  is  the  cjuadratic  electro-optic  ccsefficient 
and  IS  the  permittivity  of  free  space.  In  the 
particular  case  of  La-modified  SBN: 60.  the  en¬ 
hancement  of  r,,  due  to  the  dramatic  increase  of 
a'  room  temperature  is  partially  offset  by  a 
corresponding  decrease  in  the  spontaneous  polari¬ 
zation,  Nevertheless,  the  calculated  r,,  for  1.0 
mol^  La  modification,  using  g,-.  =  0.10  m‘'/°C‘ 
typical  of  bronze  ferroelectncs.  is  3290  x  10 
m/V  at  1  kHz  compared  to  460x  10  '*  m/V' 
(470  X  10"'*,  measured)  for  unmodified  SBN  :60. 
The  lower  value  of  1800  x  10  '*  m/V  for  1.5 
mol?  modification  in  table  2  results  from  the 
substantial  decline  in  the  spontaneous  polarization 
at  the  room  temperature  ferroelectric  phase  transi¬ 
tion.  In  this  case,  it  is  also  difficult  to  maintain  a 
single  ferroelectric  domain  unless  a  dc  bias  field  is 
maintained  on  the  crystal;  this  would  also  serve  to 
substantially  increase  P^.  and  therefore.  Zj,. 

The  large  pyroelectric  and  electro-optic  coeffi¬ 


cients  for  La-modified  SBN  :  60  crystals  make 
these  very  attractive  materials  for  infrared  focal 
plane  array,  millimeter  wave,  electro-optic  and 
nonlinear  optical  applications.  Although  heavily 
modified  crystals  (>1.5  mol?)  have  prominent 
optical  siriations.  more  lightly  modified  crystals 
have  excellent  optical  quality  and  can  maintain  a 
single  ferroelectric  domain,  after  poling,  for  an 
indefinite  period  of  time  below  35  °C.  Lanthanum 
modifications  greater  than  1.5  mol?  result  in 
crystal  which  are  paraelectnc  at  room  tempera¬ 
ture.  which  may  be  of  interest  for  very  low  loss, 
biased  pyroelectric  detectors  or  for  electrostrictive 
applications;  quadratic  electro-optic  applications, 
however,  would  necessarily  require  further  im¬ 
provements  in  crystal  optical  quality. 
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Vapor  diffused  optical  waveguides  in  strontium  barium  niobate  (SBN:  60) 
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Single  mode  planar  and  channel  waveguides  have  been  produced  in  SrooBao4Nb;0^  (tungsten 
bronze  structure)  by  sulfur  diffusion  in  a  sealed  ampule,  followed  by  oxidation  in  an  open  tube 
Losses  in  channel  waveguides  were  ~  15-20dB/cm  for  TM  polarization  and  ~  27-32  dB/cm  for 
the  TE  polarization  in  z-cut  substrates.  Electro-optic  modulation  was  observed  after  poling  of  the 
substrate.  The  expierimentally  determined  value  of  the  effective  electro-optic  coefficient  was 
slightly  greater  than  reported  earlier  for  bulk  samples  of  SBN;60,  and  about  15  times  greater  than 
for  LiNbO,.  Based  on  measurements  with  the  S,,  radioisotope,  the  average  atomic  sulfur 
concentration  was  estimated  to  be  about  4  X  10'’/cm  *  in  the  region  extending  from  the  surface  tc 
a  depth  of  2.5  /zm,  and  a  significant  background  concentration  (  ~  5  x  lO'Vcm')  was  present  to 
depths  in  excess  of  20 /am 


Metal  diffusion  in  LiNbO,  and  LiTaO,  is  the  most  com¬ 
monly  used  technique  for  fabncating  waveguides  for  inte¬ 
grated  optics  There  has.  how  ever,  been  a  continuing  inter¬ 
est  in  producing  waveguides  and  modulators  in  other 
ferroelectric  materials  w  ith  higher  electro-optic  coefficients 
One  particularly  attractive  candidate  is  Sr^f  Ba,,4Nb;Of 
lSBN:60i,  in  which  recent  improvements  in  growth  tech¬ 
niques  have  led  to  the  production  of  large 
I  ~  1-in  dimension'  crystals  of  excellent  optical  quality  The 
r,,  electro-optic  coefficient  of  Sr„ ,  Ba  4  Nb,0^  at  room  tem¬ 
perature'  is  more  than  an  order  of  magnitude  greater  than 
that  for  LiNbO.  and  LiTaO.  ■“  However,  previous  efforts  to 
produce  suitable  w  av  eguides  in  SBN  :60  by  metal  diffusion  in 
this  laboratory  and  elsewhere  have  been  unsuccessful.  This 
letter  reports  the  use  of  vapor  diffusion  to  fabricate  planar 
and  channel  waveguides  in  SBN:60  This  represents  the  first 
use  of  gaseous  diffusion  to  fabricate  waveguides  in  any 
ferroelectric  material,  and  the  first  fabncalion  of  waveguides 
in  any  material  with  such  a  high  electro-optic  coefficient. 
Electro-optic  modulation  has  been  demonstrated  in  channel 
waveguides,  and  a  radioisotope  technique  has  been  used  to 
charactenze  the  sulfur  diffusion  process 

The  waveguides  were  produced  by  indiffusion  of  sulfur 
followed  by  oxidation.  The  indiffusion  process  is  very  similar 
to  that  used  to  produce  waveguides  in  CdS  by  Se  indiffu¬ 
sion.’  Initially,  a  substrate  was  loaded  with  sulfur  powder  in 
a  quartz  ampule  which  was  evacuated  with  a  diffusion  pump 
and  sealed  at  a  gauge  pressure  of  about  10“  ’  Torr.  The  am¬ 
pule  was  then  heated  in  a  tube  furnace  for  several  hours.  The 
best  waveguides  for  which  the  data  below  are  reported,  were 
obtained  for  diffusion  at  8(X)  *C  for  6  h,  although  waveguid- 
ing  was  observed  for  diffusion  temperatures  as  high  as 
9(X)  'C.  After  the  ampule  was  removed  from  the  furnace  and 
broken  to  remove  the  crystal,  it  was  treated  with  flowing 
oxygen  in  an  open-tube  furnace  at  600  °C  for  24  h.  The  oxida¬ 
tion  produced  a  clear  (transparent)  band  ~2  mm  wide 


“  Visiting  scientist  from  Tcua*.  AAiM  linisersitv.  Elecincat  Engineering 
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around  the  periphery  of  the  crystal,  which  was  totally 
opaque  in  appearance  after  the  sulfur  diffusion. 

In  order  to  determine  whether  the  presence  of  sulfur  is 
necessary  for  waveguide  formation,  the  procedure  desenbed 
above  was  followed  except  that  no  sulfur  was  added  to  the 
ampule  containing  the  crystal.  No  waveguiding  was  ob¬ 
served  in  this  sample.  Another  as-polished  crystal  was  run 
through  the  oxidation  step  only,  with  similarly  negative  re¬ 
sults.  It  was  concluded  that  the  sulfur  diffusion  is  necessary 
for  waveguide  formation. 

The  substrates  were  cut  from  single-crystal  bv  .ies 
grown  by  Czochralslci  technique  from  a  platinum  crucible  at 
the  congruent  melt  composition  Sty  ^  Ba^,  4  NTi-O,, 
(T,  =78  ‘Cl.  Careful  temperature  control  of  the  melt  vinu- 
ally  eliminated  stnations  which  had  been  obsei-ved  in 
SBN:60  grown  earlier.*' '  Both  z-cut  and  y-cut  substrates 
were  utilized,  and  typical  dimensions  were  ~  0.5- 1.0  cm  in 
length  per  side  and  1  mm  thick.  The  large-area  surfaces  were 
polished  prior  to  diffusion,  and  the  ends  were  polished  after 
diffusion.  To  make  channel  waveguides,  the  appropriate 
photolithographically  defined  pattern  was  etched  in  a  3000- 
A-thick  layer  of  SiOj  which  had  been  sputtered  on  the  sur¬ 
face  of  the  substrate. 

Optical  evaluation  was  carried  out  with  a  0.63-/tm 
HeNe  laser  using  both  end-fire  and  prism  coupling.  Mea¬ 
surements  on  planar  waveguide  in  z-cut  substrates  indicated 
an  effective  mode  refractive  index  change  in  the  range  of 
0.(X)1-0.(X)25  for  both  polarizations.  Optical  insertion  losses 
were  measured  in  channel  waveguides  in  z-cut  substrates 
after  polishing.  In  these  samples,  a  500-A-thick  sputtered 
SiOj  buffer  layer  and  a  gold  electrode  had  been  deposited  on 
top  of  waveguides.  Insertion  losses  for  the  TM  mode  in  a  5- 
mm-long  sample  ranged  from  15  dB  for  a  waveguide -pro¬ 
duced  from  a  20-/im-wide  mask  to  1 2.5  dB  for  a  2-^m  width. 
Insertion  losses  for  the  TE  mode  were  consistently  about  6 
dB  greater  for  these  channels.  Applying  a  correction  esti¬ 
mated  at  5  dB  for  Fresnel  and  mode-mismatch  losses  leads  to 
waveguide  attenuation  figures  of  15-20  dB/cm  for  the  TM 
mode  and  27-32  dB/cm  for  the  TE  mode.  Near-field  profiles 
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20  fim 

FIG  1  Near-field  patterns  for  waveguide  produced  with  8-/<m‘Wide  chan¬ 
nel  mask  (resolution  -0.2  ^ml.  The  plots  were  obtained  by  scanning  a 
phoiodetector  with  a  narrow  slit  in  front  of  it  across  an  image  of  the  wave¬ 
guide  aperture. 

for  a  single  mode  waveguide  diffused  through  an  &-fxm  chan¬ 
nel  mask  are  given  in  Fig  1. 

Electro-optic  modulation  was  observed  in  the  channel 
waveguides  with  the  input  light  polarized  at  45°  to  the  crv  stal 
axes  and  the  output  analyzer  also  oriented  at  45°.  Peak  to 
peak  voltages  as  high  as  300  V  were  applied  along  the  c  a.xis 
across  the  1-mm  substrate  thickness  to  the  4.3-mm-long  top 
electrode.  A  typical  intensity  modulation  behavior  is  shown 
in  Fig.  2.  A  value  of  the  effective  electro-optic  coefficient 
r,,  -  nj  r,  ,/n;  w  as  determined  to  be  3.3  —  0.2  s,  10  “ m.'  V 
over  the  frequency  range  from  100  Hz  to  1  MHz  from  these 
measurements.  This  is  about  20'T  greater  than  values  of  this 
same  quantity  determined  previously  from  measurements 
on  bulk  samples  ofSBN:60.'‘and  about  15  times  greater  than 
for  LiNbO,.’' 

To  investigate  the  diffusion  process,  a  radioactive  tracer 
technique'^  employing  the  low  -energy  1 167  4  keVi^ff  "  '  emit¬ 
ter  S,,  was  used.  The  normal  diffusion  process  was  followed, 
except  that  a  measured  quantity  of  the  radioisotope  was  add- 


FIG  2.  Observed  intensity  modulation  behavior  Top  trace:  photodetector 
signal  (2  mV/divi,  bottom  trace,  modulating  voltage  <20  V/divi.  frequen¬ 
cy  -  1  kHz 


DEPTH  (^ml 

FIG.  3  Profiles  of  radioisotope  activity  as  a  function  of  depth  for  one  sam¬ 
ple  immediately  after  sulfur  diffusion  and  another  which  was  oxidized  after 
diffusion. 

ed  to  the  ampule  prior  to  diffusion.  The/3  '  activity  of  sub¬ 
strates  both  after  diffusion  and  after  oxidation  was  then  eval¬ 
uated  by  placing  the  sample  in  contact  with  a  plastic 
scintillator  which  was  attached  to  the  face  of  a  photomulti¬ 
plier  tube.  The  photomultiplier  pulse-height  distnbution 
was  analyzed  and  plotted  by  a  computer  system  to  give  an 
indication  of  the  energy  spectrum  of  the/?  "  particles  enter¬ 
ing  the  scintillator.  By  repetitively  polishing  and  weighing 
the  samples,  it  was  possible  to  determine  the  activity  as  a 
function  of  depth,  as  illustrated  in  Fig,  3.  Only  events  with 
energy  above  50  keV  are  counted  to  elimi'’a.te  background 
counts  attributable  to  photomultiplier  dark  current.  The  ef¬ 
fective  depth  for  the^  ~  radiation  in  this  e.xperimeni  is  esti¬ 
mated  to  be  --  30  um.  so  that  the  count  rate  in  effect  mea¬ 
sures  the  total  sulfur  concentration  integrated  over  that 
depth.  It  is  evident  from  that  figure  that  the  sulfur  concen¬ 
tration  drops  rapidly  in  the  first  1-2  ^m  beneath  the  surface, 
and  that  a  substantial  background  level  remains  at  depths 
greater  than  20 /zm.  The  profiles  for  the  unoxidized  and  oxi¬ 
dized  samples  were  similar,  but  the  sulfur  concentration  is 
lower  by  about  a  factor  of  6  in  the  oxidized  sample.  Finally  , 
data  on  the  activity  of  the  crystals  were  compared  w  ith  those 
from  a  calibrated  carbon-14^  ^  source  to  give  a  quantitativ  e 
inoication  of  the  sulfur  concentration  in  the  samples.  From 
the  data  of  Fig.  3  and  the  known  value  of  the  activity  per  unit 
weight  of  the  sulfur  in  the  ampule,  it  was  possible  to  estimate 
the  concentration  of  sulfur  in  different  depth  regimes,  as  in¬ 
dicated  in  Table  1. 

In  conclusion,  waveguides  have  L.een  produced  by  vapor 
diffusion  of  vulfur  into  SBN:60  substrates  and  electro-op.tic 
modulation  has  been  demonstrated  in  these  waveguides.  The 
relatively  high  losses  in  the  waveguides  could  be  related  to 

TABLE  I.  Esiimaied  average  sulfur  i  •  '  concentration  in  diffused 

SBN  60  samples. 
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incomplete  oxidation  after  diffusion  and  might  be  corrected 
by  lower  diffusion  temperatures  or  longer  oxidation  times. 
The  high  electro-optic  coefficient  of  theSBN;60can  lead  to  a 
substantial  reduction  in  the  voltage-length  product  for  guid¬ 
ed  wave  modulators  and  switches  for  communications  and 
signal  processing  applications.  From  the  radioisotope  mea¬ 
surements  the  concentration  of  sulfi-r  in  the  samples  is  found 
to  be  greatest  near  the  surface,  with  a  substantial  back¬ 
ground  level  present  deep  in  the  crystal.  The  vapor  diffusion 
process  is  quite  simple,  and  may  be  applicable  to  other 
ferroelectric  materials  and  gaseous  diifusants  as  well. 

The  authors  ould  like  to  acknowledge  the  assistance  of 
E.  J.  West  for  his  efforts  in  the  ampule  diffusion  process. 
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ABSTRACT 

This  paper  reports  preliminary  results  of  epitaxial  growth  of  letragonal  ferro¬ 
electric  Sr|_j^Ba^N'b20^  (SB\)  thin  films  by  the  liquid  phase  epitaxial  (LPE) 

technique.  Several  V- *-conIaining  flux  systems  were  investigated;  however, 
tne  baV;06  flux  was  founc  to  be  the  most  eilective  in  producing  SBN  soiic- 
sclution  filnis.  Although  the  film  growth  rate  was  much  faster  on  the  (001) 
directio.n,  film  quality  was  best  on  the  (100)  and  (1 10)  directions  with  thickness 
in  the  range  J  to  20  urn.  Lattice  constant  measurements  indicate  that  the 
films  are  Ba''’-rich,  with  compositions  close  to  Stj ,  ..^Ba.  .  s^Nb-Og  and 
Sr£  .  .Bac  ,  tNb.Ofc.  This  technique  offers  a  unique  opportunity  to  develop  sim¬ 
ple  or  coniplex  bronze  films  of  superior  quality  for  several  optoelectronic 
device  applications. 

M ATERIALS  INDEX:  tungsten  bronze  films,  niobaies,  bai'iur.,  strontium 


Introduction 


The  need  for  active  materials  for  various  optoelectronic  devices,  including  electro¬ 
optic  (1,2),  spatial  light  modulators,  pyroelectric  detectors  (3),  surface  acoustic  wave 
(S.AU)  (4,5)  and  many  others  has  stimulated  recent  work  on  the  growth  of  ferroelectric 
tungsten  bronze  films.  The  bronze  composition  Sr  j_j^BajjN'b20^  (SBN),  0.75  <  x  s  0.25,  is 
very  attractive  and  possesses  electro-optic  and  pyroelectric  coefficients  higher  than  any 
other  well-behaved  ferroelectric  material  (6,7).  Although  the  growth  of  optical-quality 
bulk  crystals  of  Sro. jBao. (SBN:60)  has  been  shown  to  be  successful  by 
Neurgaonkar  and  Cory  (8-11),  there  is  great  promise  for  other  compositions  within  this 
solid-solution  system;  hence,  the  LPE  technique  has  been  established  for  their  growth. 
Furthermore,  the  lattice  match  between  SBN:60  and  other  compositions  is  excellent,  and 
SBN:60  crystals  are  now  available  for  use  as  substrate  material.  The  present  paper 
reports  the  epitaxial  growth  of  SBN  compositions  using  vanadium-containing  flux  systems 
for  various  device  applications. 
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Experirrental  Procedure 


The  partial  phase  diagrams  for  the  M**  V2O6-SBN  and  M*  VO3-SBN'  systems,  W-'’  = 
Ba  or  Sr,  ahd  M*  =  K,  Na  and  Li,  were  established  with  respect  to  composition  and  teni- 
peratures  up  to  1300“C.  Reagent-grade  carbonates  or  oxides  of  99.9%  purity  were  used 
as  starting  materials  for  this  investigation.  X-ray  and  DTA  techniques  were  used  to 
identify  the  solid  solubility  range  of  the  tungsten  bronze  structure,  lattice  constants, 
solidus-liquidus  temperature  and  eutectic  compositions. 

SBN:60  single  crystals  were  grown  by  the  rf  Czochralski  technique,  and  crystals  as 
large  as  2  to  3  cm  in  diameter  and  9  to  6  cm  ione  were  availair.e  for  use  as  substrate 
T’.f--:  la..  ■  he  tC2 1 ),  I  iCC  '  =•  d  (1 IG'  subsirat-:'  w e-t;  cut  f^on.  a:  -t  -  ow '  .  sta  .  anc  f  ■ 

to;,  surfaces  were  optically  polished.  Substrate  surfaces  were  cieanec  using  organic  st.- 
vents,  dilute  acids,  and  then  water  to  remove  any  dust  particles,  oils,  etc.  before  use  in 
LPE  film  growth. 


Results  and  Discussion 


SoKeni  for  Tungsten  Bronze  Family  Compositions 

Crucial  to  the  success  of  isothermal  LPE  growth  is  an  abihiv  to  supercool  the  solu¬ 
tion  without  the  occurrence  of  spontaneous  nucleation.  Therefore,  before  LPE  can  be 
performed,  a  suitable  flu.\  systen,  for  the  SB\  solid-solution  system  must  be  found.  .Al- 
tnough  a  la-ge  number  of  solvents  have  been  identified  for  this  family,  the  present  work 
was  restricted  to  on.y  the  vanadium-containing  solvents.  Based  on  current  research  on 
ferroelectric  LiVbO;  thin-film  growth  (12-16),  the  vanadium-containing  solvents  have 
been  found  useful  for  SB\  and  the  bronze  compositions  because  of  the  following  impor¬ 
tant  reasons; 


\  cation  nas  sfong  preference  for  the  four-fold  coordinated  site;  hence,  no  vana- 
diuni  inclusion  in  the  bronze  fiin,  is  expected. 

2.  Supercooling  range  for  the  \  ■'-co-'taining  solvents  is  reasonab.v  high,  of  the  orde' 
of  2C  to  3:‘’C. 

3.  \  ' -containing  solvents  melt  a  significantly  .ow  temperature,  and  thus  allow  LPE 
growth  at  much  lower  temperatures. 

4.  \ -containing  solvents  are  remarkablv  stable  at  elevated  temperatures  (up  to 

5.  All  \  ^■'-containing  solvents  dissolve  in  dilute  acids. 

Table  1  summarizes  a  number  of  flux  systems  used  in  the  present  study  for  the  SBN 
solid-solution  systenis.  Since  this  system  contains  five  or  more  components,  the  determi¬ 
nation  of  a  complete  phase  diagram  is  impractical.  As  described  by  Roy  and  White  (17), 
such  systems  can  be  treated  as  pseudo-binary,  with  the  phase  to  be  crystallized  as  one 
component  (solute)  and  the  flux  (solvent)  as  the  other.  Using  this  concept,  as  summar¬ 
ized  in  Table  1,  several  flux  systems  have  been  investigaied  for  the  SBN  solid-solution 
system. 

The  determination  of  the  phase  diagrams  BaVjOs-SBN  and  BaBjO,  3-SBN,  as  shown 
in  Figs,  la  and  lb,  indicate  that  the  ferroelectric  tetragonal  SBN  phase  exists  over  a 
wide  range  of  temperature  and  compositional  conditions.  X-ray  measurements  of  these 
systems  indicated  that  the  crystallized  compositions  are  Ba^  -rich  with  0.59  s  x  s  0.62, 
In  the  third  system,  SrVjO^-SBN,  SrNbjOt  was  a  major  phase  and  extended  over  a  wide 


Vg;.  2;:.  No.  s 


FERROELECTRIC  FILMS 


10& 


Table  1 

Flux  Systems  for  Tungsten  Bronze  Compositjons 
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Fig.  i  fdr!;d:  pbd^  ‘  didg-  itii  for  M-'’-V  Ofc-SBN  and  M''\'0;-SB\  systems. 


coiiipos.tional  range.  Ttns  scsten.  \cas  found  to  be  unsuitable  for  bronze  compositions.  In 
tuo  othe-  systems,  KVO>-SBN  and  NaVQj-SBN,  although  the  tungsten  bronze  phase- 
crystallized  over  a  w.ide  compositional  range,  the  composition  o!  the  phases  in  each  sys¬ 
tem  uas  different,  e.g.,  Sr.KNbsO,^  (tetragonal)  and  Sr^NaN'biO.^  (orthorhombic)  ir 
the  latter  system,  respectively  (IS, 19).  Since  compositions  from  both  systenis  exhibit 
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excellent  dielectric,  pyroelectric  and  electro-optic  properties,  these  systems  v. oe  con¬ 
sidered  for  future  growth  work. 

The  remaining  two  flux  systems,  LiVO,-SB\  and  Li..\VO^-SB\'  (nonvanadium  system) 
did  not  produce  tungsten  bronze  compositions  of  SBN  until  75  mole%  or  more  of  S5N  was 
in  the  mixture,  and  also  required  a  dipping  temperature  of  at  least  i302°C.  LiNbO,  was 
found  to  be  a  more  stable  phase  in  these  systems  instead  of  bronze  SB\. 

Since  the  SBN  solid  solution  is  stable  in  only  two  systems,  BaV20o-SBN  and 
BaBtO,  3-SBN,  the  choice  of  solvents  is  very  limited.  Furthermore,  since  the  tetragonal 
ferroelectric  phase  exists  over  a  w  ire  con  ; uor.al  range  for  SBN,  C.75  s  x  s  C.25,  the 
h'rFc  rc':0  n  ^  be  ettablisnec  in  each  composition  before  any  film  growth  experiments 
o’ V  concjctec. 

Since  SBN,  0.75  <  x  <  0.25  is  a  solid-solution  system,  the  Sr:Ba  ratio  must  be  estab¬ 
lished  to  check  lattice  compatibility  with  SBN':60  substrates.  For  this  reason,  we  studied 
the  loin  Ba\  oOe-Sr  - .  jBa;  _  iNbiOf  in  detail  using  x-ray  diffraction  and  DTA  techniques. 
Based  o',  lattice  constant  measurements,  the  compositions  along  this  line  are  predom,- 
nantN  Ba'*-rich  and  varied  from  Sr^. .  ^Ba^ ,  ^Nb.O^  (SBN'ikO)  to  Str ,  ..eBa^. .  ^^Nb  Oj, 
fSBNikfa)  with  increasing  SBN:5C-  concentration  in  the  system.  The  DTA  results  indicate 
that  a  pseudo-eutectic  occurs  at  !5moleAr  of  SBN:5C',  with  a  eutectic  temperature  of 
approximately  6S5°C.  The  supercooling  range  for  this  system  is  reasonably  large  at  an 
estmiated  25°C,  which  is  suitable  for  film  growth  experiments. 

LPi:  Growth  of  SBN  Thin  F'ln.s 

The  compositions  SBNikO  anc  SBN:46,  which  correspond  to  t.hc  batch  mixtures  of 
6C  n.oieAr  Ba\  .0^-40  moleA.  SB.N:50  and  70  moleA)  Ba'  .,Ot-30  moleA  SB.N:5C,  respec- 
•-  .Oi.,  were  selected  fo'  epitaxial  growth  studies.  The  lattice  constants,  ferroelectric 

e.ectro-optic  properties  for  these  SBN  compositions  and  for  Li.NbO,  are  given  in 
Tat.e  2.  An  important  consideration  for  the  growth  of  SBN:4C  and  SBN:46  on  SBN:6C 
substrates  is  a  sufficiently  close  lattice  match  between  films  and  substrate.  As  given  in 
Tab.e  2.  the  lattice  match  tor  these  compositions  with  SBN:60  is  fairly  close,  on  the 
orce-  of  0.6A  O'  ies>  o:;  t^e  (OOi)  and  0.3Ai  or  less  on  the  (100)  and  (110)  oriented  faces. 


Table  2 

Structural  and  (Olptical  Properties  of  Bronze  Compositions 
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Initially,  efforts  concentrated  on  the  growth  of  the  SBN:46  composition,  since  it  has 
a  closer  lattice  match  to  SB\:60.  The  calcined  mixture  w'as  melted  in  a  100  cc  plaiinuni 
crucible  and  then  placed  in  the  growth  furnace,  as  shown  in  Fig.  2.  The  growth  apparatus 
consisted  of  a  vertical  tube  furnace  whose  temperature  was  controlled  with  an  accuracy 
of  +1°C.  The  mixture  was  held  overnight  at  approximat°ly  100°C  above  its  melting  tern 
perature.  After  achieving  coniplete  homogeneity,  the  molten  solution  ''--'wly  cooled 
to  the  growth  tempierature  at  the  rate  of  10°C/h.  An  oriented  SBN;60  substrate,  posi¬ 
tioned  slightly  above  the  melt  to  equilibriate  with  the  solution  temperature,  was  then 
dipped  into  the  melt.  Table  2  summarizes  the  substrate  orientations,  dipping  tempera¬ 
ture  range,  lattice  constants  and  film  compositions.  After  the  required  grow  th  time  had 
elapsec.  the  sample  was  withdrawn  from  the  me!;  and  cooled  verv  siowiy  to  room  •ern- 
perature.  The  adhering  flux  was  removed  by  dipping  the  film/substrate  in  dilute  HCi 
acid.  This  is  the  first  time  such  ferroelectric  SBN  films  have  been  grown  by  this  tech¬ 
niques,  however,  the  growth  of  other  tetragonal  bronze  compositions  by  the  sputtering 
and  LPE  techniques  has  also  been  reported  (20,21). 


MKOr  8  '  ' 

Ct  Rav  C  P-  .  I  iN  .* 


The  success  of  thm-film  growth  is  due,  in  par;,  to  the  availability  of  large,  high- 
quality  SBN:60  substrates  (1,2).  Since  SBNifaO  bulk  crystals  exhibit  24  well-defined  facets 
(221,  the  maintenance  of  precise  substrate  orientations  was  a  relatively  easy  task.  The 
films  were  developed  on  three  different  orientations,  specifically,  (001),  (100)  and  (110), 
and  the  LPE  growth  process  was  studied  with  respect  to  growth  temperature,  orientation 
and  lattice  match.  Film  quality  and  thickness  were  found  to  depend  strong'y  on  the  sub¬ 
strate  orientation  and  the  rate  of  crystallization.  For  example,  growth  was  approxi¬ 
mately  three  to  four  times  faster  on  the  (001)  direction  as  compared  to  the  (100)  and 
(110)  directions.  This  is  consistent  with  our  observations  on  bulk  single  crystal  growth  of 
SBN  compositions  by  the  Czochralski  technique,  where  the  growth  rate  is  considerably 
greater  along  the  (001)  direction,  whereas  growth  along  other  orientations  has  been  found 
to  be  most  difficult  and,  in  some  instances,  impossible. 

Figure  3  shows  a  typical  cross  section  (or  a  thin  film  grown  on  a  (OOO-oriented 
SBNibO  substrate.  The  growth  rate  was  typically  1  to  2  um/min  on  the  (001)  direction, 
while  under  the  same  conditions  the  rate  was  0.5  vm  or  less  on  the  (100)  and  (1 10)  direc- 
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f  3  Cross  section  of  2C  tn-.  SBN:'<6  film  on  the  (001  )-onented  SBN:6C  substrate. 

tiO'-.  Hov.ever,  because  of  the  tov^er  growth  rates  on  the  latter  directions,  the  filrr. 
qja::t>  was  superior  and  fnins  as  thick  as  5  to  25  um  were  grown  without  compromising 
qua'.it,  or  ferroelectric  properties. 

The  Gvcl.i;.  of  the  (00 1  (-oriented  films  was  studied  with  respect  to  growth  tempera¬ 
ture  for  bot"'  oaten  miktures.  a^'d  was  found  to  improve  considerabls  with  increasing 
C'owth  temperatures  from  !040-IC50°C  and  920-930°C,  respective!;..  However,  the  film 
c.a.it>  grac^a::;.  ceg-adec  lor  the  composition  corresponding  to  SPNi^O  (Batch  I),  prob- 
ac.,.  because  of  the  increased  lattice  mismatch  for  (00 1  (-oriented  fi.ms.  These  films  also 
snowed  a  tencen;;,  to  C'ac^,.  However,  fc'  the  (lOCl  and  ( 1 !  G(-orier:ed  substrates,  fiiiii 
c..a  -tv  was  excC'.-C'nt  fo-  cot*',  rmotcres. 

The  tetracoriu.  S5\,  0.75  \  s  0.25,  solid  solution  extends  over  a  wide  composi- 

t.ona  -ci'ict .  a'd  tho  change  ir  tne  c  lattice  constant  is  more  pronounced  as  compared  to 
a  w.f  ’■espe.  •  tc  Changes  m  the  br:5a  ratio.  Our  results  suggest  that  for  the  successful 
e;  -1='.-:.  growt‘  of  tnese  bror.ze  compositions,  it  is  important  to  niaintair  an  0.3%  or  less 
.;:ti,.e  m.s'  ittc-  between  tre  film  and  Substrate  along  the  growth  direction.  Recent 
wo'K  tt,.  ncacr,.  et  a.  !2C,21(  also  demonstrated  the  growth  of  excellent  qua!. tv  bronze 
r,  .  1 . ,  So.  O ,  -  fiin.s  o'r  K.  Bi\b,0.,  substrates  using  the  LPE:  and  sputtering  techniques. 
C-ear.j.  to  gere'a  .7e  these  results,  further  work  is  necessary  to  establish  the  tolerance 
lactori  for  al.owaz.e  lattice  mismatch  in  the  growth  of  bronze  coni;..'.-.siLion  filn:S. 

C**  3raC  tt’T  iit'o*.  iO* 

7  ,'  cortinii  sir.g.e  phase  f  growth  and  to  accurately  deiernu.ne  con.position,  the  a 
and  c  latt.ce  consta’  ls  tor  both  film  ano  substrate  were  measured  using  the  x-ray  dif¬ 
fraction  technique.  Figu>^e  Ca  anc  ab  shows  x-ray  reflections  for  films  grown  from  the 
batch  mixture  60  nioleac  Ba\h,Of,-aC' mole%  SB'''"'-0.  The  composition  for  the  film  was 
estaDlished  bx  measuring  the  difference  t  the  substrate  and  film  lattice  con¬ 
stants.  This  technique  was  previously  .n  success  in  our  work  to  establish  the 

dopant  concentration  in  LiNbO,  films  U  2,1  5,  itsl.  As  shown  in  Fig.  4a  and  Lb,  two  reflec¬ 
tions  corresponding  to  fOC3(  and  (004)  for  the  c  axis,  a^d  (1 0,00)  and  (1 2,00)  for  the  a  axis 
weie  studied  for  botn  film  and  substrate.  Since  the  lattice  constant  changes  for  the  a 
axis  are  small  compared  to  the  c  axis,  it  was  necessary  to  select  higher  angle  reflections 
to  gel  adecuate  separation  between  the  film  and  suDStrale  peaks.  Further,  when  scan¬ 
ning  the  reflections  at  1/S  2e/min,  the  separation  was  even  wide,  as  shown  in  Fig.  5,  to 
estimate  their  lattice  constants.  Using  these  reflection  values,  the  lattice  constants  a 
and  r  were  determined  for  both  filn.  compositions  as  follows: 
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SBN:46  a  =  12.'.76A,  c  =  3.9)6A 

SB\:4C  a  =  12.9S2A.  c  =  3.9b!A 
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104  715 

Fig.  9  X-ra>  reflections  for  films  grov."  from  b'  moie'Ar  BaV  ;Oe-9j  rnoie'A:  SBN:52. 

Tnese  films  exMbited  unchang.ng  fauice  parameters  with  variations  of  growth  process 
parati.eters  until  vanadium  loss  due  to  volatilization  became  significant.  These  constants 
are  reasonabi)  close  to  the  values  reported  for  SBN:46  and  SBN:4C  in  Table  2  and,  based 
on  these  results,  the  growth  of  uniform  compositions  seems  possible.  Also  clear  from 
these  expe'-iments  is  that  the  films  are  Bai*-rich  over  a  wide  range  of  compositions  in 
the  Ba\  ;06-SB\;5C  system.  At  higher  concentrations  of  Sr-  ’,  the  major  phase  for-ned  is 
nonferroelectric  SrNb.Oe,  which  is  of  no  interest  in  the  present  work. 

The  SA'i  electromechanical  coupling  constant  (Kf)  for  SBN:96  films  was  measured 
on  poled  (001)  plates  propagating  in  the  (100)  direction  using  the  method  described  by 
Staples  (23).  The  films  were  poled  in  all  configurations,  but  the  poling  of  (100)  and  (110)- 
oriented  films  was  more  difficult  as  compared  to  films  grown  in  the  (001)  direction. 
Although  the  quality  of  the  (001  )-oriented  films  is  not  as  good  as  that  achieved  for  the 
other  orientations,  the  coupling  constant  for  these  films  could  still  be  evaluated.  The 
coupling  constant  for  SBN:<(6  is  approximately  100  x  lO'*-,  which  is  smaller  than  the  cur¬ 
rent  best  5BN:60  crystals  (180  x  lO'-  (5)).  These  films  were  also  tested  for  optical  wave¬ 
guide  applications  using  a  He-Ne  laser  operating  at  6328A,  and  the  quality  of  the  (100) 
and  (110)  films  was  quite  reasonable,  whereas  the  (OOl)-oriented  films  were  unsuitable. 
Although  the  electro-optic  (rj3)and  pyroelectric  coefficients  for  SBN:96  are  not  as  large 
as  SBN:60,  r33  is  at  least  five  times  better  than  that  of  LiNbO)  crystals.  The  composi- 
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lion  SBN:50  is  now  being  studied  in  our  laboratory  for  pyroelectric  detection  because  of 
Its  excellent  pyroelectric  figure-of-nierit.  Therefore,  the  development  of  these  better 
quality  films  is  expected  to  significantly  impact  ongoing  resea'ch  programs  in  optica! 
waveguides  and  pyroelectric  thermal  detectors. 

Conclusions 

The  LPE  technique  appears  to  be  suitable  for  the  tungsten  bronze  family  composi¬ 
tions,  provided  the  lattice  mismatch  between  the  film  and  substrate  is  sufficiently  small 
(0.3%  or  lessC  In  a  lorthcoming  paper,  we  will  describe  the  extension  of  this  techniou- 
to  another  important  tungsten  bronze,  Sr^KSb^O,,,  using  the  SB.\:60  substrate.  Sue 
films  should  have  a  significant  impact  on  various  device  applications,  including  optica! 
waveguides,  switches,  pyroelectric  detectors  and  5AU. 
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Abstract 

Ferroelectric  tungsten  bronze  Sr2KNb^Oj^  (SKN)  thin  films  have  been  grown  by 
liquid  phase  epitaxy  on  (100),  (110)  and  (001)  orientations  of  tungsten  bronze 
^'’0.6®^0.4^*^2®6  <SBN:60)  substrates  using  vanadium-containing  solvents.  Single  crystal 
film  growths  of  up  to  25  im  thickness  were  achieved  with  very  good  film  quality  in  all 
growth  directions,  due  in  part  to  the  excellent  lattice  match  with  SBN:60,  Surface  acoustic 
wave  (SAW)  measurements  show  electro-mechanical  coupling  of  up  to  130  x  10"^,  compar¬ 
able  to  values  measured  in  other  tungsten  bronze  ferroelectrics.  The  high  dielectric  con¬ 
stants  available  in  these  films  also  indicate  potentially  very  large  linear  electro-optic 
effects  which  are  roughly  an  order  of  magnitude  greater  than  for  LiNb03. 


Introduction 


The  solid  solution  Sr2KNb50j^  (SKN)  is  a  tetragonal  (4  mm)  tungsten  bronze  fer- 
roelectric  which  exists  in  the  SrNb20^  -  KNb03  pseudobinary  system.  SKN  has  been  of 
practical  interest  for  several  device  applications  because  of  its  potentially  large  electro¬ 
optic  and  electro-mechanical  properties.^”^  In  particular,  extensive  efforts  have  been 
made  to  grow  SKN  in  bulk  single  crystal  form  for  surface  acoustic  wave  (SAW),  electro¬ 
optic  and  millimeter  wave  device  applications.  Although  we  have  been  able  to  grow  small 
crystals  of  reasonable  qual'ty  by  the  Czochralski  technique  in  our  own  work,  improvements 
in  homogeneity,  optical  quality  and  crystal  size  have  been  hampered  by  the  K"^  volatility  at 
the  growth  temperature  and  by  bulk  crystal  fracture  during  cooldown. 

An  alternative  growth  method  for  this  ferroelectric  bronze  is  liquid  phase  epitaxy 
(LPE)  which  has  been  successfully  utilized  to  grow  tungsten  bronze  SrQ  ^BaQ  3Nb20^ 
(SBN:50),  ilmenite  LiNbO^  and  LiTaO^  thin  films  for  SAW  evaluation. ^  In  this  paper,  we 
report  the  LPE  growth  of  SKN  thin  films  on  SrQ_£^BaQ^ijNb20£^  (SBN:60)  substrates,  the 
latter  being  chosen  because  of  its  close  lattice  match  to  SKN. 

LPE  Flux  Systems 

The  successful  LPE  growth  of  volatile  solid  solutions  such  as  SKN  requires  the 
development  of  an  appropriate  flux  system  permitting  relatively  low-temperature  growths 
without  the  occurrence  of  spontaneous  nucleation  during  supercooling.  Based  on  our  prior 

O 

work  on  the  LPE  growth  of  tungsten  bronze  SBN  compositions,  KVO3  solvents  appear  to 
have  the  best  potential  for  SKN  film  growth  since  does  not  incorporate  into  the 
tungsten  bronze  lattice.  In  particular,  the  flux  system  KVO3  -  SBN  was  found  to  form 
tetragonal  SKN  over  a  wide  compositional  range  due  to  the  exchange  of  Ba  for  K  and  the 


o 

formation  of  BaV20^  and  SKN.  The  phase  diagram  for  this  system,  with  KVO3  and  SBN:50 
as  end  members,  was  established  by  DTA  measurements  and  x-ray  diffraction  analysis  to 
determine  the  structure  and  lattice  constants  of  the  major  phases,  and  is  shown  in  Fig.  1. 
Additional  dielectric  measurements  were  carried  out  on  sintered  ceramics  obtained  from 
several  flux  compositions  to  determine  the  composition  of  the  major  phase,  i.e.  either  SBN 
or  SKN,  the  latter  having  a  typically  large  room  temperature  dielectric  constant  and  high 
Curie  point  (>  150°C).  For  the  KVO3  -  SBN:50  system,  single  phase  SKN  was  found  over  a 
wide  compositional  range  up  to  60  mole9b  SBN:50  (Fig.  la),  with  ceramic  samples  showing  a 
ferroelectric  transition  temperature  of  =  154  -  156“C  and  large  room-temperature 
dielectric  constants  of  approximately  1300,  ruling  out  SBN  as  a  possible  phase.  In  the 
compositional  range  of  60  -  90  mole%  SBN:50,  mixed  phases  of  SKN  and  SBN  were  found, 
and  above  90  mole%  SBN:50,  only  SBN  compositions  were  found  with  very  high  melting 
temperatures. 

The  flux  system  K^V^O^j  -  Sr2KNb30j3  was  also  examined  for  possible  use  in 
LFE  film  growth.  Because  of  the  absence  of  Ba^"^  in  this  system,  single  phase  bronze  SKN 
was  found  in  the  entire  compositional  region  above  13  mole%  SKN  concentration,  as  shown 
in  the  phase  diagram  of  Fig.  lb.  As  in  the  case  of  the  previous  flux  system,  ceramics 
derived  from  the  K^V^O^^  -  SKN  system  showed  a  high  transition  temperature  of  T^  = 
162°C  and  large  room  temperature  dielectric  constants  of  approximately  1100.  However, 
the  overall  melting  temperatures  were  somewhat  lower  in  this  flux  system,  as  can  be  seen 
in  Fig.  1 . 


LPE  Thin  Film  Growth 


Since  both  the  KVO3  -  SBN;50  and  K^V^Oj^  -  SKN  flux  systems  show  the  forma¬ 
tion  of  single  phase  SKN  compositions  at  suitably  low  melting  temperatures,  both  systems 


were  used  for  the  LPE  growth  of  SKN  thin  films.  The  particular  flux  compositions  (0.75) 
KVO3  -  (0.25)  SBN:50  and  (0.80)  K^V^Ojj  -  (0.20)  SKN  were  chosen  for  film  growth  based 
on  their  low  melting  temperatures  and  the  close  lattice  match  of  the  resulting  crystals  to 
stoichiometric  Sr2KNTD50^3.  The  measured  crystal  lattice  constants  in  these  cases  were 
a,  b  =  12.469  A,  c  =  3.943  A  for  the  (0.75)  KVO3  -  (0.25)  SBN:50  flux  system  and  a,  b  = 
12.473  A,  c  =  3.943  A  for  (0.80)  -  (0.20)  SKN.  These  values  compare  very  closely 

with  a,  b  -  12.471  A,  c  =  3.942  A  for  stoichiometi  ic  SKN. 

Reagent  grade  carbonates  and  oxides  of  99.95%  purity  were  used  as  starting  ma¬ 
terials,  with  film  growths  performed  in  a  vertical  tube  furnace  controllable  to  within  ±  1°C. 
In  each  case,  the  calcined  flux  was  melted  in  a  100  cc  platinum  crucible  and  held  overnight 
at  approximately  100°C  above  the  melting  temperature  to  achieve  complete  homogeneity. 
The  molten  solution  was  then  cooled  at  a  rate  of  10°C/h  back  down  to  the  melting  tempera¬ 
ture  where  it  was  allowed  to  equilibrate.  Finally,  oriented  substrates  were  then  individually 
dipped  into  the  melt  for  LPE  film  growth;  after  the  required  growth  tim^  had  elapsed,  the 
substrates  were  removed  from  the  melt  and  then  slowly  cooled  to  .  'om  temperature. 

Adhering  flux  was  removed  using  dilute  HCl  followed  by  w'ater  rinsing.  Further  details  may 
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be  found  in  earlier  papers. 

Essential  to  the  successful  growth  of  high-quality  epitaxial  thin  films  is  the  use  of 
closely  lattice-matched  substrates.  In  the  case  of  SKN,  a  close  lattice  match  exists  with 
tungsten  bronze  SBN:60  along  both  (100)  (a,  b  =  12.468  A)  and  (001)  (c  =  3.938  A)  orienta¬ 
tions.  SBN;60  is  a  congruently  melting  bronze  solid  solution  which  can  be  grown  in  excep¬ 
tionally  high  quality  by  the  Czochralski  technique  in  crystal  boules  up  to  3  cm  diam¬ 
eter.^  Therefore,  SBN:60  is  particularly  suited  for  the  LPE  growth  of  SKN  thin  films  of 


the  highest  possible  quality. 


SBN;60  substrate  wafers  with  <100>,  <110>  and  <001  >  orientations  were  used  to 
evaluate  film  growth  rates  and  film  quality.  After  cutting  with  diamond  saw,  each  crystal 
wafer  was  lapped  and  then  optically  polished  on  one  surface,  followed  by  cleaning  in  dilute 
acid.  LPE  growth  of  SKN  films  was  found  to  be  faster  along  <001  >  for  both  flux  systems, 
with  a  growth  rate  of  typically  1-2  pm/min  compared  to  0.5  ym/min  or  less  for  <100>  or 
<1 10>.  This  is  consistent  with  our  observations  on  Czochralski  bulk  single  crystal  growth  of 
tungsten  bronze  ferroelectrics  whert-  <0C1>  is  the  preferred  growth  direction.  How¬ 

ever,  optical  and  x-ray  diffraction  evaluations  of  these  films  showed  somewhat  better  film 
quality  for  the  <!00>  and  <110>  orientations  because  of  their  slower  growth  rates.  Never¬ 
theless,  all  of  these  SKN  thin  films  were  found  generally  superior  to  previous  SBN:50 

0 

growths  on  SBN:60  substrates  due  to  the  improved  lattice  match  between  SKN  and  SBN:60, 
with  SKN  films  of  up  to  15  -  25  pm  thickness  showing  no  significant  compromise  of  film 
quality.  This  result  reflects  the  general  observation  that  the  lattice  mismatch  tolerance 
factor  for  good  quality  tungsten  bronze  films  appears  to  be  relatively  low  at  0.3%  or  less. 

The  crystallinity,  phase  purity  and  lattice  constants  of  the  SKN  films  were  evalu¬ 
ated  by  by  x-ray  diffraction  measurements.  Since  SKN  and  SBN:60  have  nearly  the  same 
lattice  constants,  it  .ecessary  to  use  very  slow  scanning  rates  (1/8  to  l/4°/min)  to 

separate  the  diffraction  peaks  arising  from  the  SKN  film  and  the  underlying  substrate.  Fig¬ 
ure  2  show's  the  relative  intensity  of  the  Cu  Koj  and  Ka2  diffraction  peaks  for  the  (800)  re¬ 
flection  in  films  of  successively  greater  thickness.  In  the  figure,  the  primed  lines  indicate 
diffraction  due  to  the  SKN  film,  and  the  unprimed  lines  due  to  the  underlying  substrate. 
The  latter  are  seen  to  disappear  for  film  thicknesses  greater  than  10  pm.  Film  crystallinity 
was  generally  very  good,  as  indicated  by  the  sharpness  of  the  film  diffraction  peaks  in 
Fig.  2. 


Table  I  summarizes  the  growth  conditions  and  major  physical  properties  for  the 
SKN  films  grown  from  each  flux  system.  The  film  lattice  constants  were  established  from 
the  (400),  (600)  and  (800)  x-ray  reflections  from  (100)-oriented  films  and  the  (001),  (002)  and 
(004)  reflections  from  (OOl)-oriented  films.  The  measured  constants  are  in  excellent  agree¬ 
ment  with  the  values  obtained  from  stoichiometric  Sr2KNb^Oj^  ceramics.  The  SAW  elec- 
tromechanical  coupling  constants,  K  ,  were  measured  on  poled  <00 1>  SKN  thin  films  using 
the  method  by  Staples. Poling  to  a  single  ferroelectric  domain  was  accomplished  by  ^Dol¬ 
ing  from  the  SKN  transition  temperature  with  a  6  kV/cm  field  applied  across  the  substrate/ 
film  comblnaLioii.  The  measured  SAW  coupling  constants  at  room  temperature  for  acoustic 
propagation  along  <100>  were  110-130  «  10”^,  depending  primarily  on  the  flux  used  for 
growth  (Table  I).  Although  these  values  are  smaller  than  for  SBN:60  (180  »  10”^)  and 
Pb2KNh.Oj5  (188  «  10’^),^^’*^  it  may  be  possible  to  increase  SAW  coupling  in  SKN  by 
altering  the  Sr:K  ratio,  although  such  compositional  changes  have  not  yet  been  explored. 

The  linear  electro-optir  effect  in  SKN  is  anticipated  to  be  large  because  of  the 

high  dielectric  constants  found  along  both  polar  and  nonpolar  directions.  From  the  phe- 
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nomenology  for  tetragonal  bronze  ferroelectrics,  the  electro-optic  coefficients,  r-,  are 
given  by 


'"33  =  2633^3^0^33 
'■51  =  2g4/,P3e0Ml 

where  cq  is  the  permittivity  of  free  space,  P3  is  the  spontaneous  polarization  and  g  is  the 
quadratic  electro-optic  coefficient.  From  dielectric  measurements  on  small  Czochralski- 
grown  SKN  single  crystals,  ejj  =  1000  and  £33  =  1200  at  room  temperature.  Dielectric 


measurements  on  SKN  thin  films  using  a  close-spaced  surface  electrode  geometry  were 

necessarily  influenced  by  geometric  factors  and  possible  substrate  contributions,  but  in 

general  showed  semi-quantitative  agreement  with  the  bulk  crystal  values.  Using  =  0.30 

c/m  and  g^^  =  0.09,  g^^  =  0.04  m  /C  typical  of  tetragonal  bronze  fei  roelectrics,  the 

anticipated  linear  electro-optic  coefficients  for  these  films  are  roughly  r^^  =  550  x 
-12  -12 

10  m/V  and  r^j  =  200  x  10  m/V,  values  substantially  larger  than  those  encountered  in 

- 1  2  - 1  2 

tungsten  bronze  SBN'.OO  (470  x  10"  and  SO-90  x  10  m/V,  respectively)  and  more  than  an 

- 1  2  20 

order  of  magnitude  better  than  r^^  for  LiNbO^  (31  x  10  m/V).  Hence,  these  SKN  thin 

films  could  prove  to  be  especially  important  for  electro-optic  device  applications.  Although 
the  optical  quality  of  the  current  films  is  still  not  sufficient  for  detailed  electro-optical  and 
optical  waveguide  characterization,  this  appears  to  be  largely  a  consequence  of  substrate 
surface  preparation  (and  substrate  quality)  rather  than  an  inherent  problem  in  the  grown 
films. 

Conclusions 

Tungsten  bronze  SKN  thin  films  grown  by  the  LPE  technique  appear  to  be  suitable 
for  SA'*'  device  applications  upon  further  evolutionary  improvements  in  thin  film  quality. 
Increased  SAW  electromechanical  coupling  may  also  be  possible  through  alteration  of  the 
Sr:K  ratio,  although  such  compositional  changes  should  not  be  so  large  that  the  advantages 
of  substrate  lattice  matching  are  lost.  Perhaps  one  of  the  greatest  advantages  of  these 
films  is  the  high  ferroelectric  transition  temperature  (155°C)  which  permits  the  application 
of  relatively  large  applied  voltages  and  usage  over  a  wide  temperature  range  without  ferro¬ 
electric  domain  reversal  or  depoling.  With  improvements  in  film  quality,  these  SKN  films 
could  also  have  a  significant  impact  on  optical  and  possibly  pyroelectric  applications  as 


well. 
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Figure  Captions 


Fig.  1 


Fig.  2 


LPE  flux  systems  for  tungsten  bronze  SKN  film  growth:  (a)  KVO^  -  SBN:50;  (b) 


Cu  Ka^  and  Ka2  x-ray  diffraction  peaks  for  the  (800)  line  as  a  function  of  SKN 
film  thickness.  The  unprimed  peaks  are  due  to  the  SBN:60  substrate  material. 


Table  I 

Physical  Properties  of  SKN  Films  Grown  by  LPE 


Substrate 

SKN  Films 

SBN:60 

(0.75)  KV03-(0.25)  SBN:50 

(0.80)  K3V30i5-(0.20)  SKN 

Growth  Temperature 

— 

920-925“C 

880-890°C 

Growth  Rate: 

<001> 

<100>  or  <110> 

:: 

1-2  um/min 
>  0.5  um/min 

1-2  ym/min 
>  0.5  ym/min 

Lattice  Constants  and 
Substrate  Mismatch; 
a,  b 
c 

12.465  A 
3.938  A 

12.469  A  (0.032%) 
3.943  A  (0.127%) 

12.473  A  (0.064%) 

3.943  A  (0.127%) 

Curie  Point 

75°C 

I53°C 

162°C 

Dielectric  Constant 
at  20°C: 

^11 

£33 

475 

920 

-  1000 
-  1200 

-  1000 
-  1200 

SAW  Coupling, 

«100» 

1 

0 

X 

0 

00 

0 

0 

1 

1 10  X  10'^ 

Electro-optic  Coefficient 
(10"' 2  m/v):* 

'■33 

470 

80  -  90 

-  550 

-  200 

-  550 

-  200 

♦Calculated  values  for  SKN. 


